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ABSTRACT 
Tucker Witsil: Disinfection of Stored Water by Antimicrobial Granular Metallic Particles 
(Under the direction of Mark Sobsey) 
 
Granular metals may be practical and useful for point-of-use (POU) water disinfection. 
This study evaluated cloth pouches containing different proportions of granular copper, zinc, and 
silver, or brass, as reusable point-of-use disinfectants in stored drinking water. Pouch 
performance was characterized by metal release into test waters and microbial reduction over a 
48 hour storage period.  
Over 48 hours, most pouches (comprised by mass of 50-90% pure copper granules, 10-
50% pure zinc granules, and 1% pure silver granules) achieved  2.1-2.5 and 3.0-3.5 log10 
reductions of fecal indicators E. coli and MS2, respectively, meeting WHO ‘protective’ 
antimicrobial performance targets. Total metal concentrations in test waters were below levels of 
health concern with <0.15 mg/L copper, <0.002 mg/L silver, and usually < 3mg/L zinc. Further 
experimentation is recommended to better characterize and improve pouch performance. Overall, 
granular metals have potential to be antimicrobial as POU disinfectants in drinking water. 
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1 INTRODUCTION 
1.1 Background 
Diarrheal disease from the lack of safe and sustainable access to clean drinking water is 
one of the largest disease burdens on public health worldwide, particularly in developing 
countries. Fecal contamination of drinking water is associated with over 4 billion cases of 
diarrheal disease leading to 1.8 million deaths each year, mostly in children under 5 years of age 
(UNICEF 2009, WHO 20188-11-1). Along with detrimental health effects, waterborne diarrheal 
diseases often deteriorate the social and economic well-being of communities in developing 
countries. Diarrheal diseases results in loss of workdays and schooldays, impacting community 
productivity by decreasing the strength of the current and future workforce. This significant 
impact is a result of inadequate access to safe drinking water, as well as inadequate sanitation 
and improper hygiene. 
Despite the clear need to provide safe and sustainable access to drinking water and 
sanitation, the ability to do so remains limited. Many of the communities who need access the 
most do not have the infrastructure or financial means to achieve it. This is especially a problem 
in rural and peri-urban areas, where the lack of access is most severe, and organizational 
capability is poor. As a result, communities often become stuck in a destructive cycle of the 
spread and transmission of enteric diseases via fecally contaminated water. Providing access to 
microbiologically safe drinking water could help disrupt this cycle, and alleviate much of the 
disease burden. In fact, the WHO estimated that 94% of these diarrheal diseases are preventable 
through clean drinking water and improved sanitation and hygiene (WHO 2007a).  
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Many of the ongoing efforts to decrease diarrheal disease have stemmed from the 
Millennium Development Goals (MDGs) regarding drinking water and sanitation. With respect 
to drinking water, the goals are concerned with providing “improved” water sources to as many 
people as possible, with the goal to halve by 2015 the number of people lacking access to “safe” 
(improved) drinking water. To date, 1.5 billion people have been provided with access to piped 
or improved supplies, largely because of the MDGs. While the MDGs have had a significant 
impact on worldwide access to improved drinking water sources, there are several areas that 
remain unaddressed or are lacking. For example, improved water sources do not necessarily 
mean microbiologically safe or sustainable. Furthermore, improved sources have to be 
maintained, which is not always what happens and is not accounted for in the goals. The MDGs 
are also based on proportion of the world’s population that is reached. However, this strategy 
tends to disincentivize support in the rural and peri-urban areas are where the lack of access was 
the most severe. As a result, more than 2/3 of the people who gained access to piped supplies 
have been in urban areas, and rural areas mostly have not been reached because it is more 
financially difficult to provide access to clean water in rural areas (WHO 2013). About 780 
million people worldwide still lack access to improved drinking water sources, putting them at 
high risk for waterborne illness (WHO 2012). The WHO has recognized these concerns, and 
suggests the use of cost-effective means of water treatment at the household level or at the point-
of-use (POU) to immediately provide increase access on an interim basis (WHO 2007a). 
The implementation of point-of-use (POU) or household water treatment systems is 
recommended as an effective approach to provide people in different areas with access to clean 
water (WHO 2011b). POU systems are self-contained systems that treat potentially contaminated 
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water in the home to reduce or eliminate pathogenic microbes in the water. Many POU 
technologies have seen some success in reducing waterborne disease transmission.  
However, most of the currently available and widely promoted POU treatment systems 
have drawbacks that can limit their effectiveness for microbial reductions and lead to their 
reduced or incorrect usage. For example, some POU filters have limited efficacy to reduce 
viruses, they must be maintained properly and they do not protect water from post-treatment 
recontamination during storage and use.  Chlorine disinfection has limited or no effectiveness 
against important pathogenic protozoan parasites, does not improve the physical and chemical 
quality of the water, has variable effectiveness in waters of different quality and causes 
objectionable taste and odor in water that often decreases its use. Therefore, there is a clear need 
for a POU treatment technology that is cheap, effective against all classes of microbes, portable, 
treats water in a reasonable amount of time, does not impart undesirable qualities to the water, 
and requires little to no maintenance or operator skill to use. 
Certain heavy metals are thought to be antimicrobial and may have advantages in POU 
treatment as disinfectants. Silver, for example, is a highly antimicrobial agent that is already used 
in certain POU technologies (e.g. ceramic filters impregnated with silver particles and granular 
activated carbon filters). However, silver has become prohibitively expensive for use to disinfect 
water and there is little evidence for its efficacy to reduce viruses and protozoan parasites. 
Copper is antimicrobial as well, and is cheaper than silver, but is not adequately characterized for 
antimicrobial activity in the context of drinking water treatment. Zinc is also thought to have 
antimicrobial properties, but is not well characterized for its potential to treat drinking water to 
reduce microbes either.  However, there is great potential to use the antimicrobial behavior of 
these metals in the treatment of drinking water at the point-of-use. Granular macroparticle forms 
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of copper, zinc, silver and brass (a copper-zinc alloy) are simple forms of the metals that may be 
convenient and effective to incorporate into a POU treatment technology. 
Granular metal-based POU treatment technologies would provide an alternative for water 
disinfection with certain benefits over current POU treatments and their associated drawbacks. 
These metallic particle treatment technologies have the potential to be user-friendly, reusable, 
and portable technologies that could facilitate and encourage more consistent and correct use of 
the POU technology. If found effective, these technologies would provide more effective and 
sustainable access to clean water and an overall improvement in community health through 
reduced risks of waterborne disease. 
Despite the potential promise of antimicrobial granular metallic media for water 
treatment, there have been few studies to document the ability of such treatments to reduce 
concentration of microbes in water, even from simple but carefully designed and controlled 
laboratory studies. The research and technical report presented here intends to help bridge this 
gap and better define and document the potential for antimicrobial granular metallic particles to 
act as POU water treatment technologies. 
 
1.2 Experimental objectives 
This technical report presents data from laboratory studies that provide insight into the 
potential for combinations of granular copper, zinc and silver particles, as well as brass, to be 
antimicrobial in water and to be used in a practical POU water treatment system format. This 
research evaluates mesh pouches containing metallic macroparticles, added to microbially 
contaminated water in containers and tested for effectiveness as disinfectants over varying 
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periods of contact time.  Specifically, the study will (1) perform batch disinfection experiments 
that test the disinfection efficacy of the combined granular metal particles against indicator 
organisms E. coli KO11 and MS2 bacteriophage over time, (2) examine temporal variability in 
treatment performance after repeated uses of the metals in batch experiments, (3) characterize the 
disinfection kinetics that occur in such a system, and (4) discuss the feasibility of using the 
pouches as a POU disinfectant of collected and stored drinking water. 
 
1.3 Experimental approach 
This research evaluated the disinfection efficacy of mesh pouches containing combined 
granular copper, zinc, and silver, as well as brass, macroparticles against test microbes E. coli 
KO11 (a fecal bacterium) and MS2 bacteriophage (a fecal indicator virus) in chemically defined 
buffered test water. Different proportions of copper, zinc, and silver particles used at single dose 
or quantity per unit volume of water, were chosen for antimicrobial performance evaluation. 
Disinfection with a commercial source of brass macroparticles, KDF55 granules, was also tested 
in parallel with the mixtures of generic macroparticles of copper, silver and zinc . Mesh pouches 
each contained a total of 28.85 grams of metal granules, and served as the source of particulate 
and potentially dissolved (released) metal in this experimental system. It was anticipated that 
metallic disinfection in water might occur by direct contact of the metal with microbes (contact 
disinfection) or from metal ions or other physical forms leached into the test water, or both. 
In the batch disinfection experiments, individual pouches containing different 
combinations of metals were added to microbiologically contaminated water, and the extent of 
microbial inactivation and metals leached into the water (dissolved and total) was monitored 
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periodically over 48 hours. Test microbes were quantified by standard culture methods to 
determine concentrations per mL of water and metal ions in water were quantified by 
inductively-coupled plasma mass spectrometry (ICP-MS). 
The degree of temporal variability with repeated use of the granular metal pouches was 
also examined in these experiments. A series of experiments in which the pouches were 
‘recharged’ prior to each reuse by chemical treatment was compared to a second series of 
experiments without any pretreatment of the pouches except rinsing in water, to determine if 
metal releasing properties and disinfection efficacy of the pouches changed significantly over 
short time periods of successive use (1, 2, and 3 weeks) after being recharged. In addition, 1 
pouch was never ‘recharged’ for any of the experiments, and this pouch was used to assess 
longer term (1-2 months) microbial reduction performance and temporal variability in metals 
releasing activity of the pouches. Pouches were ‘recharged’ via a citric acid-washing process 
intended to remove any oxides or other impurities that may have formed on the surface of the 
metals in the pouches. This was intended to restore the metal releasing properties to the pouches 
to a certain level of performance perhaps similar to previously unused pouches of granular 
metals. 
Disinfection in the batch experiments was expressed as the difference (reduction) in log10 
microbe concentration between pouch-treated water and untreated water. From these results, 
kinetics of the microbe reductions is determined using regression analysis methods. Analysis of 
these kinetic data from batch disinfection experiments can provide specific concentration-time 
(Ct) values for disinfection of the microbes. Ct values numerically define the relationship 
between observed microbial reduction as a function of the product of disinfectant concentration 
and contact time (exposure) of the microbes to the disinfectant. This parameter provides a 
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consistent basis to quantify and compare disinfection performance of different treatments, which 
in this case was different combinations of antimicrobial metals.  
The microbial reduction results from the batch disinfection experiments and the observed 
disinfection kinetics provide a basis to compare results for the use of different combinations of 
granular copper, zinc, silver, or brass as disinfectants added to stored drinking water to reduce 
microbial contamination. The microbe reduction results contribute to the performance 
characterization of the granular metallic agents and provide new data to better quantify and 
characterize the applicability of granular metal particles as POU disinfection treatment 
technologies for drinking water. 
 
 
 
 
 
 
 
 
 
 
8 
 
2 LITERATURE REVIEW 
2.1 The burden of diarrheal disease 
Diarrheal disease is a major source of morbidity and mortality worldwide, particularly in 
children under the age of 5 years. It is estimated that diarrheal disease accounts for at least 1.8 
million deaths per year (UNICEF 2009).   
Much diarrheal disease is a result of pathogen transmission via the fecal-oral route. These 
pathogens are generally enteric microorganisms that can infect the gastrointestinal tract of 
humans, multiply inside the human host and be fecally shed into the environment and 
contaminate water sources. Pathogens can be spread in several ways such as ingestion of 
contaminated water (water-borne) or from person-to-person (water-washed) transmission. 
Interventions targeted at reducing diarrheal disease by improving drinking water quality focus 
primarily on waterborne diseases. Waterborne pathogens of interest typically include three 
categories of microorganisms: bacteria, viruses, and protozoan parasites. 
 
2.2 Point-of-Use / Household water treatment 
Household water treatment (HWT) or POU technologies have been proposed to be 
among the most practical and effective intervention strategies to reduce the waterborne disease 
burden in developing countries (Mintz et al 2001, Hunter 2009). One study found that HWT 
interventions improve water quality more effectively than those that target improving water 
quality at the source (Clasen et al., 2007). The same study also concluded that HWT may even be 
9 
 
a more cost- effective long-term solution than centralized water treatment systems (Clasen et al., 
2007) 
Currently employed POU technologies have been somewhat effective in reducing 
diarrheal disease, but most have certain limitations or shortcomings that can render them 
inadequate or incapable of consistently providing clean drinking water in many circumstances, 
especially over the lifetime of the treatment technology. 
Widely used approaches include chemical disinfection (primarily by halogens such as 
chlorine), thermal and photoactive treatments (heat, solar disinfection or direct UV radiation) 
physical removal (filtration, coagulation or adsorption), and biological treatment (such as 
biologically active slow sand filters) to inactivate or remove pathogens from water (Smieja, 
2011).  Often multi-barrier approaches are used as well, which combine two or more treatment 
technologies to provide additional protection to product water. These approaches are briefly 
discussed here. 
Chemical disinfection is one of the most common types of POU treatment. Chemical 
disinfection usually employs halogens, especially free chlorine, to disinfect water and make it fit 
for consumption. Chemical disinfection with chemicals like chlorine is typically quite effective 
against bacteria and certain viruses. However, several insufficiencies exist with the use of 
chlorine disinfection. For example, chlorine is not very effective against certain important 
protozoan parasites such as Cryptosporidium parvum oocysts or Giardia cysts. It has a defined 
shelf life and so necessitates a consistent supply chain and delivery infrastructure. In addition, 
the chlorine often imparts and objectionable taste to the drinking water which can discourage 
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consistent and proper use. As such, chlorine disinfection may not be the end-all solution for POU 
treatment of drinking water. 
The use of physical means to kill or inactivate microorganisms in water has also been a 
prominent option to treat drinking water. Heat, for example, is known to be a useful tool in 
disinfecting drinking water from potentially pathogenic microorganisms. Pasteurization of water 
is a virtually fail-safe method to eliminate viability of microorganisms in the water, and has been 
used for hundreds of years. However, the time and resources demanded to boil water render this 
option inconvenient in certain situations, and with this method there is a high potential for post-
disinfection recontamination of the water if it is improperly stored (Mintz et al 1995, Luby et al 
2000).  Another physical means to disinfect drinking water is with UV radiation. UV doses may 
be delivered either with UV lamp which operated within a small spectrum of wavelengths or 
with solar radiation, which uses a larger range of wavelengths as well as a heat component to 
disinfect the water. UV light alters DNA structure in microorganisms that render them non-
viable or less infectious. However, issues exist with the use of UV irradiation as well. For 
example, the treated water must be relatively low in turbidity or suspended particulates, as 
particulates in water can shield microbes from exposure to the UV light. Also, with solar 
disinfection (SODIS), special equipment may be required and even then the process may take up 
to 2 days (Smieja 2011).   
In addition to disinfection technologies, physical removal of microbes from the treated 
water has proven to be an effective means to treat drinking water. This can be done through 
methods such as filtration, biological treatment, or chemical 
coagulation/flocculation/sedimentation. 
11 
 
Filtration technologies for POU purposes namely include porous ceramic filtration (by way of 
fired candle pots or granular media) and membrane technologies. These technologies are 
generally based on size-exclusion principles as well as surface chemistry interactions that may 
occur with contact of the filter and treated water. 
Biologically active sand (biosand) filters and porous ceramic filters have been recognized 
as the two most effective and sustainable currently available means to reduce waterborne 
pathogen levels in water at the point-of-use (Sobsey et al 2008). They are quite effective in 
removing bacterial and protozoan pathogens. However, there are still certain issues associated 
with the implementation and usefulness of these technologies. Drawbacks to these technologies 
include cost, maintenance requirements, and performance against viral pathogens. Certain efforts 
have been taken to address some of these drawbacks. For example, several newer ceramic filters 
incorporate silver into their design, which appears to contribute to virus inactivation in drinking 
water (Smieja 2011). However, in order to make physical removal methods more sustainable as 
point of use treatment technologies, issues with cost and maintenance will need to be addressed. 
In light of the drawbacks that currently adapted POU technologies pose, there has been 
increasing interest in the development of new or improved POU technologies that are more 
sustainable and effective in their implementation. 
It has long been presumed that certain metals have antimicrobial properties. For example, 
copper pots and vessels have been used for centuries to store water in India, which has been 
associated with a reduced risk of disease from the drinking water (Sudha et al 2009, Tandon et al 
2005). POU technologies have traditionally only included metals as ancillary treatment to other 
more widely used methods such as ceramic filtration. However, now there is a growing interest 
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for the potential of POU drinking water treatment technologies to incorporate metals as primary 
agents of disinfection. The research on the antimicrobial properties of heavy metals as 
independent point-of-use disinfectants has still not been entirely well characterized but shows 
there is potential for a more prominent role of heavy metals as POU disinfectants. 
 
2.3 Metals in drinking water: presence, health concerns and guideline values 
There has been concern over the potential for heavy metals (dissolved and particulate 
species) to be present in drinking water and cause detrimental health effects to humans. For 
example, the presence of lead in certain plumbing systems is a major cause for concern (Chin 
and Karalekas 1984, WHO 2011c). Because the research conducted in this report intends to 
examine certain heavy metals for the purpose of microbiological water treatment, it is important 
to discuss the pretext for the use of those metals in water treatment and the determination of safe 
levels for them in drinking water. 
 
2.3.1 Silver 
Of the known antimicrobial metals, silver has been most often incorporated into point-of-
use water treatment.  Silver has been added in its solid form to activated carbon filters, has been 
applied in colloidal and ionic forms to porous ceramic filters, and has been used in colloidal form 
as a drinking water disinfection additive. Silver has generally been found to be highly 
antimicrobial, but is prohibitively expensive to use to disinfect drinking water. 
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Health effects from the consumption of silver are very uncommon, and have largely only 
been observed in clinical administration of silver to treat syphilis patients. Epidemiological and 
laboratory pharmacokinetic studies suggest a NOAEL of 10g lifetime silver ingestion. The 
amount of silver naturally present in ground or well water (0.2-0.3 µg per liter) does not pose any 
known health risk to humans. However, the use of silver added to water for drinking water 
treatment could contribute to higher levels of silver in the water. The WHO has stated that levels 
of 0.1 mg/L (ppm) silver in water or lower should be safe, based on the 10g NOAEL lifetime 
estimation (WHO 20049-49-1). These levels are typically not attained in water treatment 
technologies using silver as a disinfectant. 
 
2.3.2 Copper 
Copper, like silver, is known to be antimicrobial. However, the potential application of 
copper in the context of drinking water treatment has not yet been adequately evaluated. 
Copper is a micronutrient for humans and is essential to regular biological function, but it 
may be harmful when ingested at higher levels. Copper is usually present in water in a 
chemically complexed form. Naturally occurring levels of copper in water can vary but are 
generally low, with the mean concentration of copper in water from wells estimated to be just 
above 100 µg/liter and surface water concentrations ranging from negligible to 1 mg/liter 
(Umweltbundesamtesl 1990, WHO 2004a). These levels of copper in drinking water do not pose 
a large risk to human health. However, technologies that incorporate copper as a disinfectant in 
drinking water may produce copper concentrations in the water higher than is naturally present. 
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The WHO set a guideline value of 2 mg/liter copper in drinking water, based off acute 
health effect exposure limits on copper of 10 mg/day (WHO 2004a, NRC 2001). This agrees 
with past studies that have found the NOAEL of copper in water to be 2 mg/liter (Olivares et al 
2001). No recommendations have been made by the WHO regarding appropriate limits for 
copper in relation to chronic health effects. However, chronic exposure to copper has not shown 
any adverse effects in adults when exposure is limited to 1-10 mg/day, which suggests that the 
guideline value of 2 mg/liter may be appropriate. Also to note is that the lower taste threshold for 
copper in water is about 2.5 mg/liter, above which the copper imparts a bitter metallic taste to the 
water (Zacarías et al 2001). 
 
2.3.3 Zinc 
Zinc, like copper, is essential in small quantities for regular biological function in 
humans. However, zinc too may be undesirable in water at higher concentrations (WHO 2003b).  
Zinc is naturally present in water at very low concentrations, between 10-40 µg/liter in 
groundwater and below 10 µg/liter in surface waters (Elinder et al 1986). Zinc present in well 
water can vary widely, depending zinc concentrations in nearby soil (Lahermo et al 1990).  
The most recent suggested limit on zinc ingestion is 1.0 mg/kg/day in humans, based on 
the potential for acute health effects (JFECFA 1982). There are concerns regarding potential 
chronic effects from zinc exposure, mostly on the possibility that zinc could be cancer-causing 
and increase respiratory distress. No studies performed on humans have yet found significant 
evidence to back these concerns. In fact, zinc has been found to counter the toxicity of several 
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other heavy metals, perhaps through redox processes or other complexation reactions (WHO 
2003b). 
Given the available research on zinc toxicity, the WHO does not feel it necessary to 
determine maximum guideline levels for zinc concentration in drinking water. It should be 
mentioned that the taste threshold for zinc is about 3 mg/liter (ppm), at which point the zinc in 
the water may cause it to have an objectionable taste (WHO 2003b). 
 
2.4 Microbial inactivation by metals in drinking water:  metal-microbe interactions 
Previous implementation of heavy metals in the point-of-use drinking water setting has 
been mainly to supplement existing treatment technologies such as ceramic filters (Butkus et al 
2003, Sobsey et al 2008). However, there is evidence to support the use of heavy metals as a 
more primary form of water treatment, though the evidence is not comprehensive in its 
characterization of metallic disinfection. This is in part because the specific interactions between 
heavy metals and microorganisms leading to disinfection are not entirely clear. Most hypotheses 
hold that heavy metals may inactivate microbes through disruption or denaturation of specific 
proteins or enzymes vital to microbial function, or that metals are involved in formation of 
radicals that damage the membrane, DNA or RNA, or otherwise inhibit metabolic function 
(Gadd and Griffiths 1978, Kuwahara et al 1986). One study identified the respiratory pathway as 
at least one site of copper-induced injury to E. coli cells (Domek et al 1984). 
There are different delivery mechanisms to facilitate interaction between heavy metals 
and microbes in water that have been explored. POU technologies incorporating metallic 
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inactivation may employ ionic disinfection (metal ions in the water disinfect microbes), contact 
disinfection (metal surfaces disinfect microbes upon contact), or a mixture of both. 
 
2.5 Previous studies on metallic inactivation in drinking water 
Despite the lack of knowledge regarding specific mechanisms of disinfection in water, 
the use of copper, zinc, and silver as drinking water disinfectants is well supported by several 
studies. 
One study showed that copper present in chlorine-free water distribution systems was 
able to cause injury to 64% of coliforms at levels from 0.007 to 0.54 mg/liter in the water, and 
predicted almost 1 log10 (90%) injury of coliforms would occur if the copper levels were at 0.158 
mg/liter in the water (Domek et al 1984). The study also found in laboratory controlled 
conditions that copper caused over 1 log10 injury of E .coli at concentrations of 0.050 mg/liter in 
buffered water over 2 days. However, it should be noted that the study did not examine actual 
log10 reductions of the microbes, as injured microbes were able to be recovered using certain 
recovery techniques.  
Another study showed > 2.5 log10 reductions in E. coli, Salmonella Typhi, and Vibrio 
cholerae after 16 hours of storage in copper pots or vessels containing copper, yielding final 
dissolved copper concentrations of 0.4-0.5ppm in the water (Sudha et al 2009). In a later study, 
Armstrong found that copper ion doses as low as 0.3mg/liter (ppm) in drinking water resulted in 
> 2 log10 reductions in E. coli B, Pseudomonas aeruginosa, and MS-2 coliphage over only 6 
hours (Armstrong 2011). 
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The concurrent use of multiple heavy metals for drinking water disinfection has been 
observed to have synergistic effects compared to the disinfection with a single type of heavy 
metal (Gadd and Griffiths 1978). For example, a few studies found that copper and silver ions 
were separately effective in disinfecting water spiked with E. coli, Pseudomonas aeruginosa, 
and Acinetobacter baumannii, but were more antimicrobial when added together (Kim et al 
2004, Huang et al 2008). The synergistic effects of copper and silver have also been exploited to 
help control the spread of legionella (Blanc et al 2005, Cachafeiro et al 2007, Lin 1996). 
Studies by Witmer found that BacSan disinfectant (solution containing a mix of silver, 
gold, aluminum and copper) was antimicrobial when added to at 10µL BacSan per liter water, 
and achieved approximate reductions of 6 log10, 4 log10, and 2 log10 for  E. coli, K. terrigena, and 
MS2 bacteriophage in 24 hours, respectively (Witmer 2008) 
A study by Malone found that 0.2 mg/liter copper and zinc ions together in HEPES 
buffered water achieved 2.5 log10 reduction in E. coli, 0.6 log10 reduction in Bacillus cereus, and 
2.0 log10 reduction in MS2 bacteriophage over 6 hours (Malone 2012). The study also tested the 
metal ions in a natural organic matter (NOM) supplemented buffered water, and found decreased 
E. coli and MS2 log10 reduction values , suggesting that suspended organics may inhibit 
disinfection efficacy of metal ions in drinking water.  This agrees favorably with another study 
that found a relationship between the concentration of bioavailable copper ions in water and the 
level of antimicrobial activity present (Zevenhuizen et al 1979). 
Nanoscale metal delivery mechanisms are also being explored, though they have not yet 
been adequately evaluated. Nanoscale delivery mechanisms offer increased metallic surface area 
for contact disinfection with microorganisms, as well as more opportunity for ion release into the 
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water. The characterization of the specific disinfection mechanisms for metal nanoparticles are 
unknown, though several ideas postulate production of reactive oxygen species (ROS), increased 
permeability of the membrane, DNA damage, or disruption of metabolic processes (Li et al 
2008). 
One study found that TiO2 nanoparticles doped with silver showed 5 times more 
inactivation of MS-2 bacteriophage in drinking water than non-doped TiO2 nanoparticles (Liga et 
al 2011). It was found that the silver doped particles were associated with increased presence of 
hydroxyl free radicals which were likely responsible for the increased inactivation of the viruses. 
A study examining relative antibacterial activity of metal oxide nanoparticles found ZnO 
to be more antimicrobial than CuO and TiO2 in inhibiting growth of Staphylococcus aureus and 
B. subtilis (Jones et al 2008). Another study found ZnO nanoparticles to be more antimicrobial 
than TiO2 and found that 10ppm zinc oxide nanoparticles inhibited 90% growth of Bacillus 
subtilis (Adams et al 2006). The study also found that light mediated reactions inhibited growth 
more than dark reactions, suggesting that ROS formation may play a large role in disinfection 
but is not the only mechanism by which heavy metal may inactivate microbes. 
Certain disinfection studies and commercial products use or test metallic disinfectants in 
a suspended form in water (Ren & Smith 2013, Plation Floats). These found that suspended and 
free floating silver-doped ceramics led to higher microbial inactivation, perhaps due to increased 
surface area of silver exposed to water leading to increased silver ion release, or better mixing 
conditions associated with a suspended disinfectant. 
The antimicrobial properties of combining copper and zinc may lead to interest in the 
potential for brass (a copper and zinc metal alloy) to be used to treat drinking water. Brass is 
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usually composed of 59-95% copper, 4-41% zinc, and 0.03-0.3% lead (Olin 2009). Brass is 
sometimes used for water softening and chemical removal from drinking water. However, there 
have not yet been many studies that explore the potential of brass for microbial treatment of 
drinking water. 
 
2.6 Effect of environmental and water quality conditions 
Performance of drinking water treatment technologies can be altered by environmental 
conditions and physicochemical parameters of drinking water. Factors such as temperature, pH, 
incident light, suspended particulates, and other cations in solution can particularly influence the 
performance of metal-based treatment technologies. For example, light can induce photo-Fenton 
reactions whereby heavy metals act as catalysts in forming reactive oxygen species (such as 
hydroxyl radicals) that can oxidize microbes and induce cellular damage (Zepp et al 1992, 
Blough and Zepp 1995, Kuwahara et al 1986). Higher temperatures and non-neutral pH values 
can contribute to faster inactivation of microbes in drinking water (Sharan et al 2010).  In 
systems based on metal ion leaching, pH plays a large role in disinfection because it is a large 
determinant in metal solubility and speciation. Suspended particulates or other organic materials 
in drinking water can shield microbes from exposure to metals or complex metals to make them 
harmless to the microbes, thereby decreasing disinfection efficacy (Gadd and Griffiths 1978, 
Malone 2012).  The presence of magnesium or other cations in solution has been found to lower 
toxicity of heavy metals in water (Gadd and Griffiths 1978). 
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2.7 Heavy metal speciation and redox reactions 
The speciation of metals such as zinc, copper and silver has a large effect on their 
bioavailability and subsequent toxicity to microbes (Benjamin 2002, Cuppett et al 2006, 
Zevenhuizen et al 1979). It is thought that metals are most toxic in their free ion forms (Allen et 
al 1980). For example, it has been found that the forms of copper that are most toxic to microbes 
are the free Cu(II) ion and monohydroxy Cu(II), and that complexed forms along with particulate 
copper are much less toxic to microbes (Cuppett et al 2006).  
Metal ion speciation in water is highly dependent on pH, temperature, and chemical 
constituents in the water (Allen et al 1980). Because there are so many types of organic matter 
that may exert demand on metals in water, it is not feasible to try to predict the exact speciation 
of the metals in real world waters. However, it is good to have a general idea of how these 
conditions affect metal speciation. Typically higher pH values are associated with decreases in 
metal ion solubility in near-neutral pH ranges. If organic matter or other constituents are present 
in water, the solubility of metals ions also generally decreases. These effects are demonstrated in 
the figures below for copper in pure water and copper in bicarbonate buffered water. 
 
Figure 2.7-1: Copper speciation in pure water (Cuppette et al 2006) 
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Figure 2.7-2: Copper speciation in a bicarbonate buffered system (Stumm and Morgan 1996) 
Besides complexation reactions in solution, the concentration of dissolved metals in 
solution can be changed by reduction-oxidation (redox) reactions. For example, when copper, 
zinc, and silver are present in solution, there is the potential for several redox reactions to occur. 
The half reactions are listed below. 
  (  )
         ( )
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0
 = +0.34V 
  (  )
         ( )
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0
 = -0.76V 
  (  )
       ( )
   E
0
 = +0.80V 
In such a system, certain redox reactions are likely to take place. A few of these may be: 
  (  )
     ( )
    ( )
    (  )
   
   (  )
    ( )
     ( )
    (  )
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In these potential redox reactions, zinc is favored to convert to its ionic form. The redox 
reaction between copper and zinc favors the release of zinc ions. The redox reaction between 
silver and copper favors copper ion release, and the redox reaction between silver and zinc favors 
zinc ion release. However, the rate of these reactions in a buffered system or real world waters 
are unclear and likely change based on environmental conditions and other constituents in the 
water. 
 
2.8 Disinfection kinetics 
2.8.1 Chick-Watson kinetics 
The Chick-Watson model for analysis of microbial disinfection is based off the first order 
decay reaction in chemistry (Chick 1908). Essentially, the first order decay reaction is adapted 
for microbial disinfection purposes. The first order decay reaction is: 
  
  
      
where N=number surviving microorganisms, k=rate constant (specific to testing conditions), 
C=concentration of disinfectant, and t=time. Upon integrating this equation, a relationship 
between microbial survival and contact time with the disinfectant is formed. 
  (
 
  
)       
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Microbial survival is described as a ratio N/N0 that represents the proportion of microbes that 
survive following a contact time t of exposure to disinfectant concentration C, with a k reaction 
constant. Watson decided to add an empirical constant n known as the coefficient of dilution to 
account for the effect of different concentration of the disinfectant (Watson 1908).  This resulted 
in the combined Chick-Watson model. 
  (
 
  
)        
 When the coefficient of dilution (n) is equal to 1, the reaction follows exponential kinetics 
and ln(N/N0) will be linear over time (WHO 2004b). When this happens, concentration-time (Ct) 
values may be obtained that are constant regardless of disinfectant concentration. Ct values are 
often used to determine the necessary amount of contact time or disinfectant concentration that 
must be used to treat water to a certain degree. 
 If the coefficient of dilution is greater than 1, the calculated Ct value for a certain degree of 
inactivation decreases with higher disinfectant concentration. That is, time is more sensitive to 
changes in disinfectant concentrations, and disproportionally less contact time will be needed if 
the disinfectant concentration is higher. If the coefficient of dilution is less than 1, the opposite 
effect will take place. 
 
2.8.2 Hom model 
 The Chick-Watson model for first order kinetics assumes a relatively homogenous microbial 
population that is equally resistant to a given disinfectant. However, this model is sometimes 
insufficient to account for the heterogeneous nature and varied resistance often present in a 
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microbial population. As such, first order kinetics does not always best describe microbial 
inactivation, but instead a multi-hit model may be required. The Hom model is a well-established 
empirically derived multi-hit model for disinfection kinetics.  
  (
 
  
)         
 The Hom model introduces the parameter m that accounts for changes in inactivation rate 
over time (WHO 2004b). The Hom model helps explain certain phenomena that have been 
observed in disinfection kinetics, known as shouldering (m>1) and tailing (m<1). With 
shouldering there is initially a slow inactivation rate followed by increased inactivation rate, 
whereas tailing has a higher inactivation rate initially followed by a decreased inactivation rate. 
Shouldering is thought to be a result of a slow rate diffusion of the disinfectant throughout the 
water or the necessity for multiple sites on microbes to be hit before inactivation occurs. Tailing 
may be due to the formation of microbial aggregates or the presence of subpopulations with 
higher resistance to a particular disinfectant (Hiatt 1964, Cerf 1977). Another potential for a 
change in inactivation rate to occur over time is from a change in disinfectant concentration over 
time, such as in a metal ion releasing system. 
 
2.8.3 One Hit-Two Population model 
 The One Hit-Two Population model was developed by Hiatt to specifically address 
shouldering and tailing effects that might be due to aggregation or subpopulations of 
microorganisms with increased resistance to a disinfectant (Hiatt 1964). This model assumes that 
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there are two distinct microbial subpopulations present, each with independent rate constants 
from the disinfectant. 
 
  
     
           
      
The two populations are f1 and f2, and together represent the entire microbial population. The 
rate constants k1 and k2 are independent for each f1 and f2 subpopulation. 
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3 METHODS 
3.1 Candidate pouches 
Four different combinations of granular metal particles in mesh pouches were tested in 
this study to evaluate the potential for granular metals to be antimicrobial and effective as point-
of-use disinfectants in drinking water. The pouches are intended to sit at the bottom of a 
container of water and disinfect the water over a storage period of 48 hours. Three pouches, 
designated as 88-11-1, 79-20-1, and 49-49-1, by the approximate percent mass of copper, zinc , 
and silver they contain, respectively, were provided by ProCleanse LLC. These pouches 
contained mostly copper and zinc, as well as a small portion of silver, as the antimicrobial 
agents. The fourth pouch, designated as Brass, was composed entirely of brass KDF55 particles. 
The metal particles in the pouches ranged from approximately 0.4-0.8mm in diameter. The 
constituents of each pouch are listed by percent mass below.  
Table 3.1: Proportions of pure copper, pure zinc, pure silver and brass in each pouch; all pouches 
contained 28.85 grams of metallic particles 
Pouch % Copper % Zinc % Silver % Copper Sulfate Total weight (g) 
88-11-1 87.69 10.92 0.87 0.52 28.85 
79-20-1 78.85 19.76 0.87 0.52 28.85 
49-49-1 49.305 49.305 0.87 0.52 28.85 
Brass 48-51 49-52 None None 28.85 
 
Copper sulfate was included initially in the pouches as a preservative agent, but the 
pouches were rinsed 20 successive times with deionized water prior to experimentation to 
remove the copper sulfate. Each rinse consisted of submersion of each pouch in 200-300mL 
deionized water while massaging each pouch gently for 1-2 minutes. 
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3.2 Laboratory Methods 
A series of 7 laboratory experimental trials were conducted over 7 consecutive weeks to 
examine antimicrobial behavior of the candidate metal pouches in water. The candidate pouches 
differed from each other in terms of granular metal content (see section 3.1). An additional two 
replicate pouches of pouch 88-11-1 were included as well to test if certain modifications affected 
pouch antimicrobial performance: one tested the effect of pouch suspension off the bottom of the 
container, and the other one evaluated the potential for oxides to accumulate on the metal 
granules and inhibit antimicrobial activity (see section 3.2.1). 
As part of this examination, the 7 trials were divided into 2 trial groups intended to 
characterize and possibly address the potential for decline of metal release or activity by the 
metallic particle pouches as well as the potential for restoration and standardization of metal 
releasing or metal activity level properties of the metallic particle pouches (see section 3.1.2). 
The first trial group consisted of the first 4 trials, and used a treatment to standardize the 
antimicrobial activity of the metallic particles pouches via a citric acid wash ‘recharge’ of the 
pouches to remove oxides or other potentially interfering impurities from the surface of the metal 
particles. Commercially available lemon juice (pH 2.45) was used as a source of citric acid. The 
second trial group included the final 3 trials and did not acid wash any of the metallic particle 
pouches prior to use, in order to better understand the potential for the antimicrobial properties of 
the pouches to be affected by open air storage without any chemical pretreatment prior to use.  
A summary of the experimental vessels, placement and pretreatment of metallic particle 
pouches and experimental schedule are described in Table 3.1-1. 
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Table 3.2-1: Description of experiment vessels, pretreatment and method of water contact 
Container 
designation 
Pouch 
Description/Placement 
in Water Vessel 
Citric acid washed 
weeks 1, 2, 3, 4? 
Citric acid washed 
weeks 5, 6, 7? 
Control No pouch present N/A N/A 
88-11-1 DI 
Pouch 88-11-1 rinsed with 
deionized water/ 
on bottom 
NO NO 
88-11-1 SUS Pouch 88-11-1  suspended 
in water with twine 
YES NO 
88-11-1 Pouch 88-11-1/ 
on bottom 
YES NO 
79-20-1 Pouch 79-20-1/ 
on bottom 
YES NO 
49-49-1 Pouch 49-49-1/ 
on bottom 
YES NO 
Brass Pouch with Brass 
KDF55/on bottom 
YES NO 
 
3.2.1 Pretreatment of pouches and pouch storage between experiments 
It was thought that the surfaces of the granular metal particles inside the pouches could 
potentially become oxidized from the air when the pouches were not in use. This could reduce 
the amount of metal surface-water interaction and reduce the potential for metal ions to be 
released into the water, thereby decreasing the antimicrobial properties of the pouches. However, 
it was also thought that if these impurities were removed, that the metal releasing properties of 
the pouches could be restored. The most practical means to do this was thought to be acid 
washing the metals in the pouches to remove surface oxides or other impurities (Hill 1947, 
Leveskis 1979). Citric acid was chosen for the acid wash because it is a readily available acid to 
people in developing areas via sources such as lemon juice. Undiluted store bought lemon juice 
with pH 2.45 was used as the acid washing agent for these experiments. 
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For ‘recharge’ of pouches, the pouches were first rinsed thoroughly with 200-300mL 
deionized water while massaged gently for 1-2 minutes. Following this, pouches were 
individually submerged into 50 mL lemon juice for 15 minutes.  Then pouches were again rinsed 
with 200-300mL deionized water while massaged gently for 1-2 minutes, and subjected to 
another 15 minute submersion in 50mL lemon juice. Pouches were rinsed with 200-300mL 
deionized water while massaged for 1-2 minutes one final time prior to use in each experiment. 
After each experiment, pouches were heat-dried in a 60
o
C oven for 20-30 minutes, and 
were stored in open air containers at room temperature for 5 days until the time of the next 
experiment. Open air storage was chosen so as to better reflect the likely dry storage conditions 
and use of the pouches in the field. 
In addition, one pouch (pouch 88-11-1 DI) was not acid washed over the course of any of 
the experiments so as to give insight into the potential for long term use of the pouches without 
any acid washing as a pretreatment. 
 
3.2.2 Suspension of a pouch 
 One pouch (denoted as pouch 88-11-1 SUS) was suspended with twine off of the bottom 
of the container so as to determine if different mixing conditions or increased surface area 
exposure of the metals to the water or microbes led to increased microbial inactivation. As some 
previous work has found improvement in antimicrobial performance by suspended disinfectants, 
this study sought to determine if suspension of granular metal media increased antimicrobial 
performance as well (Ren & Smith 2013, Plation Floats). 
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3.2.3 Preparation of test waters 
Test waters of 1:10 strength DPBS were made from deionized water and a stock 10x 
strength solution of PBS supplemented with magnesium (DPBS) as a buffer and salt source for 
microbes. The 10x stock DPBS solution was diluted into deionized water at a 1:100 ratio by 
volume to achieve the desire 1:10 strength DPBS.  The stock recipe for 10x DPBS is listed 
below. Ingredients were added to deionized water, mixed, and autoclaved for 15 minutes.  The 
10x DPBS was stored in a 4
o
C refrigerator until use. 
Table 3.2.3: 10x DPBS constituents 
Ingredient Per liter deionized water 
NaCl 80.0g 
KH2PO4 2.0g 
KCl 1.2g 
Na2HPO4 anhydrous 9.1g 
4M MgCl2 1.25mL (yields 4.9mM Mg) 
 
For each vessel, 40 milliliters of 10x DPBS was added to 3.96 liters deionized water in a 
sterile 4-L polypropylene container to yield a final concentration of 1:10 strength DPBS.  The pH 
of the solution was checked and if necessary adjusted to pH 7.4±0.05 using 0.12N hydrochloric 
acid and this pH value was recorded.  The pH was also checked and recorded at the conclusion 
of each experiment. The choice of 1:10 DPBS as a buffer was done to model dissolved solids 
levels  in natural waters, with some divalent cations (about 10.2 mg/L magnesium ions) for cell 
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wall and membrane integrity and enzyme functionality of the microbes, as well as maintain a 
relatively stable pH throughout the experiment. 
 
3.2.4 Selection of test organisms 
Two test organisms were used for antimicrobial performance evaluation of the pouches.  
The test organisms included a representative bacterium, E. coli, and a representative virus 
(coliphage MS2). Both indicators chosen are non-pathogenic to humans, relatively cheap and 
easy to detect, and their resilience to disinfection and environmental stressors is thought to be 
similar to their pathogenic counterparts. 
E. coli KO11 (ATCC 55124), a gram-negative, rod-shaped fecal bacterium of the 
coliform group, was chosen as the bacterial indicator for antimicrobial performance testing. The 
E. coli bacterium was chosen because of its widespread use as an indicator of fecal 
contamination, and its established use as a test organism in POU technology performance 
evaluation studies (Sobsey 1989, WHO 2011b).  Stationary phase E. coli was used in lieu of log 
growth phase E. coli because it is thought to be a more resilient form of the bacterium (WHO 
2011b). The specific strain KO11 was chosen because it is a genetically constructed derivative of 
E. coli strain B that is not known to interact with the fecal indicator virus MS2 bacteriophage and 
because it has antibiotic resistance to chloramphenicol that allows the use of culture media 
containing this specific antibiotic to suppress the growth of other bacteria possibly present in test 
water (Ohta et al., 1991). 
MS2 bacteriophage (ATCC 15597-B1) was chosen as the representative virus for 
antimicrobial performance testing. MS2 is a single stranded RNA coliphage that infects F+ male-
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specific E. coli and possibly similar coliform bacteria, entering via attachment to the F-pilus. It is 
similar in morphology and behavior to pathogenic viruses of great public health concern, such as 
hepatitis A and E viruses, noroviruses and enteroviruses such as polioviruses and 
coxsackieviruses. MS2 is well established as a fecal indicator virus and as an appropriate test 
microbe in POU treatment performance evaluation studies (WHO 2011b). In this study, log 
phase E. coli Famp (ATCC 700891) was used as the host bacterium for MS2 bacteriophage. 
 
3.2.5 Preparation of microbial stocks  
3.2.5.1 E. coli KO11 
Stock E. coli KO11 preparation: A frozen known E. coli KO11control strain (ATCC 
55124) was thawed and streaked onto a petri dish containing Tryptic Soy Agar (TSA) 
supplemented with chloramphenicol at 4 µg/ml, and the plate was inverted and incubated at 37
o
C 
overnight. An isolated colony was then inoculated into Tryptic Soy Broth (TSB) supplemented 
with chloramphenicol at 4 µg/ml and incubated at 37
o
C overnight.  The broth culture was then 
centrifuged at 14K for 5 minutes to pellet the cells, and the supernatant was removed. The pellet 
was resuspended in TSB supplemented with 20% glycerol, dispersed into 0.25mL volumes and 
frozen at -80
o
C until use. 
Stationary phase E. coli KO11 preparation: 0.25mL frozen stock culture was thawed and 
inoculated into 50mL TSB supplemented with 4 µg/ml chloramphenicol and incubated at 37
o
C 
for 20 hours on a shaker tray at 90rpm. The 20 hour culture was then stored in a dark 4
o
C 
refrigerator without agitation for 1 hour and subsequently titered to determine bacterial 
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concentration. The 20 hour culture was refrigerated again until the time of experiment the next 
day. 
 
3.2.5.2 MS2  
MS2 bacteriophage was prepared from a 0.5mL frozen stock MS2 control strain (ATCC 
15597-B1). From the frozen stock, a scraping (approximately 10µL) was added to 50mL log 
phase E. coli Famp broth culture grown in Tryptic Soy Broth supplemented with 15 µg/mL 
streptomycin-ampicillin. The inoculated broth culture was then incubated overnight at 37
o
C.  
MS2 was recovered by chloroform extraction to lyse cells and collect virus stock. A volume of 
chloroform equal to ½ the E. coli Famp broth culture volume was added to the broth culture, 
which was then emulsified by 5 minutes of vigorous shaking. This mixture was then centrifuged 
at 5000xG  for 15 minutes at 4
o
C.  The top aqueous layer was removed and poured into 150mm 
Petri dishes and placed under a biological hood for 30 minutes to allow evaporation of remaining 
chloroform. This recovered virus stock suspension was dispersed into 1.0mL volumes and frozen 
at -80
o
C until use. 
 
3.2.5.3 E. coli Famp host 
Stock E. coli Famp preparation: A frozen known E. coli Famp control strain (ATCC 
700891) was thawed and streaked onto a petri dish containing TSA supplemented with 15 µg/mL 
streptomycin-ampicillin, and the plate was inverted and incubated at 37
o
C overnight. An isolated 
colony was then inoculated into TSB supplemented with 15 µg/mL streptomycin-ampicillin and 
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incubated at 37
o
C overnight on a shaker tray at 90rpm.  The broth culture was then centrifuged at 
5000xG for 15 minutes at 4
o
C to pellet the cells, and the supernatant was removed. The pellet 
was resuspended in TSB supplemented with 20% glycerol, dispersed into 1.0mL volumes and 
frozen at -80
o
C until use. 
Overnight E. coli Famp preparation: A 0.5mL amount of frozen E. coli Famp stock 
culture was thawed and inoculated into 50mL TSB supplemented with 15 µg/mL streptomycin-
ampicillin and incubated at 37
o
C overnight on a shaker tray at 90rpm. 
Log phase E. coli Famp preparation: A 0.5mL volume of overnight E. coli Famp stock 
broth culture was inoculated into 50mL TSB supplemented with 15 µg/mL streptomycin-
ampicillin and incubated at 37
o
C in a shaker flask on a shaker tray at 90rpm for 3.5-4.0 hours to 
reach log phase. 
 
3.2.6 Selection of growth media 
Tryptic Soy Agar (TSA) without antibiotics was chosen for E. coli KO11 detection by 
spread plating, culturing and quantification. The agar was mixed according to manufacturer 
directions, autoclaved for 15 minutes, and pipetted in 14mL aliquots into sterile 100mm petri 
dishes under a laminar flow sterile hood. The plates were allowed to harden, then were covered, 
inverted, and incubated overnight at 37
o
C to check for bacterial contaminants on the plates. 
Plates were then transferred to a 4
o
C refrigerator until time of use. Plates were used within 1 
week of being made. No antibiotics were added to the agar medium because this was a pure 
culture system such that only microbes that we spiked in the water would be present in high 
enough numbers to be detectable. 
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Half (0.5X) strength molten TSA supplemented with 15 µg/mL streptomycin-ampicillin 
and 0.05M MgCl2 was prepared each day of microbial testing for MS2 bacteriophage detection 
by the Single Agar Layer assay. The half strength agar was prepared by adding ½ of the 
recommended amount of agar media per volume of deionized water. Though full strength (1X) 
agar is recommended by EPA Method 1602, we found that half strength agar medium detected 
higher numbers of MS2 phages, provided more distinct and easily visible plaques, and overall 
gave more consistent results than full strength agar medium. 
 
3.2.7 Microbial titer assays and test water spiking 
Stationary phase E. coli KO11 and stock MS2 were serially diluted and assayed using the 
microbial detection methods described in the next section (3.1.8) of this report. After the 
concentrations of E. coli KO11 and stock MS2 were determined, the microbes were spiked into 
seven 4-liter test water containers to a final concentration of 2x10
5
 colony forming units per 
milliliter of E. coli and 2x10
5
 plaque forming units per milliliter of(MS2. 
 
3.2.8 Microbial sampling and analysis 
Microbial sampling timepoints were chosen as t=0, t=6, t=24, and t=48 hours. The t=0 
timepoint samples were taken immediately before adding the pouches to the test waters. At each 
sampling timepoint, each vessel was stirred with a sterile pipette for 10-15 seconds, and then a 
5mL aliquot was drawn from the vessel. 
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Neutralizing agents were added to each 5mL sample to chelate or otherwise complex 
metal ions in solution and prevent any further interaction between metals and microbes. Two 
neutralizers, Ethylene diamine tetra-acetic acid (EDTA) and thioglycolate-thiosulfate were added 
to each sample. EDTA (5x10
-2 
M) acted as the copper and zinc ion neutralizing agent and 
thioglycolate-thiosulfate (1g/L thioglycolate and 1.46g/L thiosulfate) acted as the silver ion 
neutralizer. Both neutralizers were added to samples to achieve a 1:100 dilution ratio by volume.  
Samples were mixed and subsequently diluted by serially adding 0.5mL sample to 4.5mL 
1:10 DPBS diluent to achieve 1, 1:10, 1:100, and 1:1000 dilutions. Samples and dilution were 
then plated immediately or refrigerated at 4
o
C until time of assay. Samples were assayed no 
longer than 18 hours after being taken. 
The spread plate method was performed for detection of E. coli KO11. From each sample 
or sample dilution triplicate 0.1mL sample volumes were spread plated onto separate 100mm 
petri dishes containing TSA agar medium.  Plates were then covered, inverted, and incubated for 
18-24 hours at 37
o
C. Results from dilutions yielding countable numbers of colony forming units 
(less than 250 per plate) were recorded. 
A modified single agar layer procedure based on EPA Method 1602 was used for 
detection of MS2 bacteriophage. Half strength molten TSA agar medium was prepared and 
equilibrated to 44
o
C in a water bath. To the agar medium, 4M MgCl2 and strep-amp antibiotics 
(1.5g/L streptomycin and 1.5g/L ampicillin) were added to the agar to achieve 1:80 and 1:100 
ratios by volume, respectively. Then, log phase host E. coli Famp was added to the agar to 
achieve a 1:20 ratio by volume. For each sample or dilution, triplicate 0.1mL samples were 
micropipetted into empty 100mm petri dishes. Then, 8mL of the agar medium containing the 
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host bacteria, antibiotics, and MgCl2 were added to the plate, and the sample and molten agar 
were swirled to mix. Agar in the plates was then allowed harden, and were capped, inverted and 
incubated for 18-24 hours. Results from dilutions yielding countable numbers of plaque forming 
units (less than 250 per plate) were recorded. 
 
3.2.9 Metals sampling and ICP-MS analysis 
Sampling timepoints to determine metal concentrations in the vessels were chosen as t=0, 
t=1, t=6, and t=48 hours. The t=0 timepoint sample was taken immediately before adding the 
pouches to the test waters. At each sampling timepoint, each vessel was stirred with a sterile 
pipette for 10-15 seconds, and then a 10mL aliquot was drawn from the vessel. From each 10mL 
sample, a 5mL aliquot was sterile filtered by a 0.22µm pore size, 33mm diameter 
polyethersulfone filter and the remaining 5mL was left unfiltered. To each 5mL sample, 
concentrated nitric acid was added to a final concentration of 2% nitric acid to prepare the 
samples for ICP-MS analysis. Both sterile filtered and non-sterile filtered samples were stored in 
a dark 4
o
C refrigerator until time of analysis.  
 
3.3 Metal results 
Results from ICP-MS analysis for each sample were given in parts per billion for copper 
and zinc and parts per trillion for silver concentrations. These results were compiled and 
organized by vessel pouch, timepoint, metal, and whether the sample had been sterile filtered or 
not. The results of sterile filtered and unfiltered ICP-MS analysis were converted to 
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milligram*hour*liter
-1
 concentration-time (Ct) value estimates to provide a better representation 
of the microbial exposure to dissolved and/or particulate metals over time. The final unfiltered 
metal concentration (after t=48 hours) was used as an indicator of what metal concentration 
would be present in the water after treatment or during consumption. 
 
3.4 Microbial results 
Microbial results were recorded as CFUs or PFUs per 0.1mL of sample dilution. The 
sample dilutions with approximately 20-200 CFUs or PFUs per plate were chosen as the best 
dilutions and were used for further analysis.  
The sample volumes for the microbial results were then adjusted according to dilution. 
Sample volumes plated as undiluted, 1:10, 1:100, and 1:1000 dilutions were taken to be 0.1mL, 
0.01mL, 0.001mL, and 0.0001mL of original sample. The triplicate results of CFUs or PFUs 
from the best dilution were summed and divided by the total sample volume they represented to 
calculate an estimate of the microbial concentration per milliliter in the test water for each vessel 
at each timepoint. 
The microbe concentrations in each vessel at each timepoint were then converted to a 
log10 scale. A log survival ratio [log10(Nt/N0)] was calculated for each vessel comparing the 
microbial concentration at each timepoint to the concentration initially present at t=0 hours. This 
was done by subtracting the t=0 logarithmic microbe concentration (N0) from the logarithmic 
microbe concentration at each timepoint (Nt) for each vessel. 
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After calculation of log10(Nt/N0) values, these values were then adjusted to correct for behavior 
of microbes in the control vessel. This was done by subtracting the log10(Nt/N0) values of the 
control vessel at each timepoint from the log10(Nt/N0) values of the other vessels for each 
timepoint. This resulted in a control adjusted logarithmic survival ratio [log10(Nt/Nc)] that better 
describes the level of inactivation occurring in the vessels by accounting for and eliminating any 
non-specific log10 changes in the control samples after time = 0.. From the log10(Nt/Nc) microbe 
reduction values, inactivation curves were generated. 
 
3.5 Data analysis and statistical methods 
Pouch microbial and metal concentration data were divided by trial into 3 groups. Trials 
1, 2, 3, and 4 were used to represent the citric acid wash standardized group (except for pouch 
88-11-1 DI). Trials 5, 6, and 7 represented the unwashed group with potential oxidation of metal 
surfaces.  A third grouping included all trials together for statistical analysis to explore more 
general pouch performance and variability. Sample averages and standard deviations of the 
microbial reductions and metal Concentration-time data were calculated for each trials group. 
Statistical analyses of the microbial and metal Ct data were performed to examine and 
characterize trends in the data. 
 
3.5.1 Chick-Watson analysis and calculation of time-to-disinfection 
A statistical software package (JMP Pro 10.0, SAS Institute, Cary, NC) was used for 
generation and fit of microbial inactivation curves. The log10(Nt/Nc) reduction curves were 
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plotted and fit to linear least squares regression lines, and regression lines were used to calculate 
the rate constant parameter k of the Chick-Watson model for each pouch. The rate constant k was 
derived from the following expressions of the Chick-Watson model: 
  (
  
  
)       
The survival ratio may then be expressed as follows: 
  
  
       
Taking the base10 logarithm of both sides of the equation yields the following: 
     (
  
  
)        ( )    
where Ct is specific to each pouch and the slope of the log10 (Nt/Nc) regression line is equal to 
      ( ) . The rate constant, k, for each pouch is therefore defined by: 
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The rate constant k was derived for each pouch and trials group, and was used to 
determine the exposure time necessary to inactivate 2 log10 bacteria (99%) and 3 log10 viruses 
(99.9%) in drinking water, which are the performance levels deemed ‘protective’ of health by the 
World Health Organization. The exposure times were determined using the following equation:   
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where Cxt is the required exposure time of pouch x to achieve the desired log10 microbial 
inactivation. 
 
3.5.2 Mixed model analysis of microbial inactivation between trial groups and pouches 
Mixed model analysis was performed to compare and test for significant differences in 
inactivation kinetics for pouches and trial groups. For log-linear inactivation models with R
2
 
values greater than 70%, mixed model analysis was done using baseline parametric analysis. 
This analysis assigns one model as a ‘predictor’ or baseline model, and is compared to a 
‘response’ data set. For example, to determine if there is a statistically significant difference in 
the inactivation rates of two pouches, the inactivation kinetics for one pouch serve as the 
predictor variable, and the microbial reductions observed in the other pouch serve as the 
response variable. The predictor variable was first fit to the log-linear Chick-Watson model: 
          ( )                
and the parameter k was recorded. The response variable was then fit with the predictor variable 
parameter k, as well as an additional parameter β, which was the target of the testing for 
significance.  The Gauss-Newton method was then used to estimate the parameter β. 
         ( )                    
This test provided a 95% confidence interval for the β estimate. A statistically significant 
difference between the predictor and response variables (in this case, the two pouches) would be 
found if the 95% confidence interval did not include a zero value. If β was found to be nonzero 
and positive, this indicates that the response variable is significantly increased over the predictor 
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or baseline variable. For the purpose of microbial reductions, this would represent a decrease in 
disinfection efficacy. Vice-versa, a negative nonzero value of β represents a significant increase 
in disinfection efficacy. 
 
3.5.3 Matched pairs t-test of metal Ct values between filtered and unfiltered samples 
A matched paired t-test was used to determine if certain variables were statistically 
different from each other. A p-value of less than 0.05 was used to reject the null hypothesis that 
variables were not different. In this report, the matched pairs t-test compared the unfiltered and 
filtered Ct values for each metal to determine if the unfiltered samples were statistically different 
from the sterile filtered samples. Pairing of samples was retained in order to eliminate any other 
potential confounding variables such as difference by pouch or trial. 
 
3.5.4 Multivariate analysis of microbial reduction, metal Ct values, and pH 
Multivariate analyses were performed to determine whether statistically significant 
correlations existed between certain variables. Multivariate analysis was used to test for 
correlation between metal Ct values and microbe reductions, as well as correlation between pH 
values and Ct values. 
The comparison of individual metal Ct values versus microbial disinfection was made in 
order to gain insight into the contribution of each metal to observed microbial reductions. 
Multivariate analysis through JMP was used to determine whether any statistically significant 
correlation existed between individual metal Ct values and log10 microbial survival. For these 
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analyses, if the 95% confidence interval for the correlation coefficient was non zero, the 
correlation was determined to be significantly significant. Negative correlations between a metal 
Ct values and log10 microbial survival indicated that microbial reduction increased as Ct values 
for that metal increased.  
Multivariate analysis testing for correlation between average test water pH and pouch 
metal Ct values was made in order to determine if test water pH could alter metal release and 
subsequent antimicrobial performance of the pouches. 
 
3.5.5 Non-parametric one way ANOVA for difference in microbe reductions and metal Ct 
values 
For any pouches whose performance could not be adequately modeled by microbial 
inactivation kinetics, a Kruskal-Wallis comparison of log10 microbial reductions of the pouches 
was used to test for significant differences in antimicrobial performance between the pouches. In 
addition, the Kruskal-Wallis test was used to determine if pouch composition had a significant 
effect on metal Ct values exhibited by each pouch. Tukey-Kramer HSD tests were used for post-
hoc confirmation of results, since Kruskal-Wallis tests determine if significant differences exist 
between at least two sample groups in a set but do not identify which groups differ. 
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4 RESULTS 
4.1 Microbial reduction results 
Below are shown graphs summarizing the results of microbial analysis for each pouch 
and experiment trial. The logarithmic control-adjusted survival ratio, or log10 (Nt/Nc) reduction 
values, for E. coli and MS2 are shown for each timepoint and trial. The full microbial results 
may be found in the appendix of this report. Further analyses of the results are provided in the 
Data Analysis section of this report. 
 
4.1.1 Pouch 88-11-1 DI 
 
Figure 4.1.1-1: E. coli Log10 (Nt/Nc) versus contact time for each trial in vessel 88-11-1 DI 
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Figure 4.1.1-2: MS2 Log10 (Nt/Nc) versus contact time for each trial in vessel 88-11-1 DI 
 
The log10 (Nt/Nc) values from pouch 88-11-1 DI show approximate E. coli reductions 
between 1.5 and 2.75 logs, and MS2 reductions between 2 and 3.25 logs after 48 hours across the 
seven trials. In trial 5, pouch 88-11-1 DI appears to achieve somewhat lower reductions of E. coli 
than MS2. Log10 reductions of E. coli and MS2 increased with increasing contact time. 
 
4.1.2 Pouch 88-11-1 SUS 
  
Figure 4.1.2-1: E. coli Log10 (Nt/Nc) versus contact time for each trial in vessel 88-11-1 SUS 
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Figure 4.1.2-2: MS2 Log10 (Nt/Nc) versus contact time for each trial in vessel 88-11-1 SUS 
 
Except for trial 6, the log10 (Nt/Nc) plots indicate that pouch 88-11-1 SUS reduces E. coli 
between 1.5 and 3 logs over 48 hours, and MS2 between 2 and 4 logs. In trial 6 however, the 
lowest levels of metals were released into solution by pouch 88-11-1 SUS (see section 4.2.1.2 
regarding ICP-MS results). It is possible that this low release of metal ions is the cause of the 
decreased antimicrobial performance of the pouch in trial six. Log10 reductions of E. coli and 
MS2 increased with increasing contact time, except for trial 6 in which log10 reductions were 
very low. 
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4.1.3 Pouch 88-11-1 
 
Figure 4.1.3-1: E. coli Log10 (Nt/Nc) versus contact time for each trial in vessel 88-11-1 
 
Figure 4.1.3-2: MS2 Log10 (Nt/Nc) versus contact time for each trial in vessel 88-11-1 
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2.5-3 logs reduction. As observed with other pouches, log10 microbial reductions increased with 
increasing contact time. 
 
4.1.4 Pouch 79-20-1 
 
 
Figure 4.1.4-1: E. coli Log10 (Nt/Nc) versus contact time for each trial in vessel 79-20-1 
 
Figure 4.1.4-2: MS2 Log10 (Nt/Nc) versus contact time for each trial in vessel 79-20-1 
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Results show pouch 79-20-1 to achieve reductions of 1.5-2.75 logs10 E. coli over 48 
hours, and a wider range of 1.75-4.5 logs10 reduction for MS2. However, for the E. coli results, 
all trials other than trial 5 were between 2-2.75 logs10 reduction. For the MS2 results, all trials 
were between 1.75-3.5 log10 reductions, except for trial 1 in which the reduction was greater at 
about 4.7 log10. This greater log10 reductions of MS2 in trail 1 may have to do with the relative 
copper and silver concentrations released into the water by pouch 79-20-1 across the trials, 
which in trial 5 were lowest and log10 reduction was only about 1.75 log10 and in trial 1 were 
highest and log10 reductions were 4.7 log10. As observed for other pouches, log10 microbe 
reductions increased with increasing contact time. 
 
4.1.5 Pouch 49-49-1 
 
Figure 4.1.5-1: E. coli Log10 (Nt/Nc) versus contact time for each trial in vessel 49-49-1 
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Figure 4.1.5-2: MS2 Log10 (Nt/Nc) versus contact time for each trial in vessel 49-49-1 
 
Pouch 49-49-1 showed E. coli reductions of 1.5-2.75 logs over 48 hours. A wider range 
of 2.25-4.5 logs reduction of MS2 was observed over the time period. For both E. coli and MS2, 
trials 1, 2, 3, and 4 appeared to give higher log10 reductions than trials 5, 6, and 7 over 48 hours. 
As observed with other pouches, log10 microbe reductions increased with contact time. 
 
4.1.6 Pouch Brass 
 
Figure 4.1.6-1: E. coli Log10 (Nt/Nc) versus contact time for each trial in vessel Brass 
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Figure 4.1.6-2: MS2 Log10 (Nt/Nc) versus contact time for each trial in vessel Brass 
 
Results from the Brass pouch appeared to be separated into two different performance 
levels. Trials 1, 3, 4 and 7 appeared to provide little or no antimicrobial activity against both E. 
coli (<1 log10 reductions) and MS2 <0.5 log10 reductions) after 48 hours. In contrast, Trials 2, 5, 
and 6 showed log10 reductions of 1.5-2.25for E. coli and about 2.5 for MS2 over the 48 hours. 
However, the differences in microbial results may be explained by the observed differences in 
ICP-MS results (see section 4.2.1.6) in which the dissolved copper concentrations in trials 2, 5, 
and 6 were around 25ppb after 48 hours compared to less than 10ppb copper in the other trials 
after 48 hours. 
 
4.2 ICP-MS results for metals 
In the Figures below are the results of metal concentrations by ICP-MS analysis for each 
pouch and experiment trial. Samples were tested for copper, zinc, and silver. Copper and zinc are 
shown in parts per billion, and silver is shown in parts per trillion. The t=0 concentrations were 
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using this sample as the t=0 concentrations for all the pouches in that experiment as well as a 
metals-negative control sample. ICP-MS results are organized by pouch and metal. Plots of the 
sterile filtered (dissolved metals) results for each pouch are designated in graph titles by ‘SF’ 
label, and plots of the unfiltered (total metals) results are designated as such. Detailed ICP-MS 
results may be found in the appendix of this report. Further analyses of the ICP-MS results are 
provided in the Data Analysis section of this report. 
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4.2.1 Pouch 88-11-1 DI
Figure 4.2.1-1: Dissolved copper 
concentration in parts per billion (ppb) vs. 
contact time for each trial in vessel 88-11-1 
DI 
 
Figure 4.2.1-2: Dissolved zinc concentration 
in parts per billion (ppb) vs. contact time for 
each trial in vessel 88-11-1 DI 
  
Figure 4.2.1-3: Dissolved silver concentration 
in parts per trillion (ppt) vs. contact time for 
each trial in vessel 88-11-1 DI 
Figure 4.2.1-4: Total opper concentrations in 
ppb vs. contact time for each trial in vessel 
88-11-1 DI 
 
 
Figure 4.2.1-5: Total zinc concentrations in 
ppb vs. contact time for each trial in vessel 
88-11-1 DI 
 
Figure 4.2.1-6: Total silver concentrations in 
ppt vs. contact time for each trial in vessel 88-
11-1 DI
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Dissolved copper concentrations released from pouch 88-11-1 DI vary between 15-40 
parts per billion. Dissolved copper concentration is lowest in trial 5 at 15 ppb, which appears to 
correspond with the lower microbial log10 reductions observed in trial 5 for this pouch. Dissolved  
zinc concentrations are higher than copper, ranging from about 400-600 ppb. Dissolved  silver 
concentrations are much lower than either of the other metals, ranging from about 50-700 parts 
per trillion. 
For pouch 88-11-1 DI, total copper concentration varied between trials both in magnitude 
and behavior over time. Trial 1 increases within the first 6 hours to about 65ppb, and then 
slightly decreases at the 48 hour timepoint to around 55 ppb. Trial 2 increases in the first hour to 
about 50 ppb, decreases to 40 ppb at the t=6 hour timepoint, and then increases to 100 ppb after 
48 hours. This is in contrast to  the behavior of the copper concentration in trials 3-7, which 
increase quickly in the first hour to 10-30 ppb, then slightly increase for the t=6 hours and t=48 
hour timepoints to 20-60 ppb. Total zinc concentrations for pouch 88-11-1 DI also varied 
between the trials. In trials 1-5, the zinc concentration ranged from 750-1500 ppb after 48 hours, 
compared to 3500 and 2900 ppb for trials 6 and 7, respectively. Total silver concentrations after 
48 hours were highest for trial 1 at about 1600 ppt, compared to about 1000 ppt for trials 3 and 
four. Trials 2, 5, 6, and 7 had the lowest total measured silver ranging from about 200-500 ppt.  
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4.2.2 Pouch 88-11-1 SUS
Figure 4.2.2-1: Copper concentration in ppb 
vs. contact time for each trial in vessel 88-
11-1 SUS 
 
 
Figure 4.2.2-2: Zinc concentration in ppb vs. 
contact time for each trial in vessel 88-11-1 
SUS 
 
 
Figure 4.2.2-3: Silver concentration in ppt 
vs. contact time for each trial in vessel 88-
11-1 SUS 
Figure 4.2.2-4: Copper concentration in ppb 
vs. contact time for each trial in vessel 88-
11-1 SUS 
 
 
Figure 4.2.2-5: Zinc concentration in ppb vs. 
contact time for each trial in vessel 88-11-1 
SUS 
 
 
Figure 4.2.2-6: Silver concentration in ppt 
vs. contact time for each trial in vessel 88-
11-1 SUS 
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Dissolved copper concentrations varied between trials for pouch 88-11-1 SUS. Trials 1, 
3, and 4 had copper concentrations of approximately 30 ppb, whereas trial 2 had a higher copper 
concentrations of about 54 parts per billion after 48 hours exposure. In contrast, copper 
concentrations in trials 5-7 range from 10-20 parts per billion. Dissolved zinc concentrations also 
varied among trials, with concentrations from trials 2, 3, and 4 ranging from 1200-1600 ppb, and 
the other trials ranging from 400-600 parts per billion zinc. Dissolved silver concentrations were 
400-500 ppt for trials 1 and 4, but only 0-100 ppt silver for the other trials. 
For pouch 88-11-1 SUS, the total copper concentration were highest in trials 1, 2, 3, and 
4, with about 37, 60, 38, and 40 ppb, respectively. Final copper concentrations in trials 5, 6, and 
7 were 20, 10, and 29 ppb, respectively. However, in trial 7 the copper first increased to 40ppb 
after 1 hour, then decreased to 25 ppb at the 6 hour timepoint, and increased slightly to 29 ppb 
after 48 hours. The total zinc concentrations also show this increase-decrease-increase behavior 
for trial seven. In trials 2, 3, and 4, the zinc concentration increased to between 1600-1800 ppb, 
compared to 400-800 ppb in trials 1, 5, 6, and seven. The total silver concentrations were below 
500 ppt for all trials except trial 1, in which the silver concentration reached approximately 1800 
ppt after 48 hours. 
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4.2.3 Pouch 88-11-1
Figure 4.2.3-1: Copper concentration in ppb 
vs. contact time for each trial in vessel 88-
11-1 
 
 
Figure 4.2.3-2: Zinc concentration in ppb vs. 
contact time for each trial in vessel 88-11-1 
 
 
Figure 4.2.3-3: Silver concentration in ppt 
vs. contact time for each trial in vessel 88-
11-1 
Figure 4.2.3-4: Copper concentrations in 
ppb vs. contact time for each trial in vessel 
88-11-1 
 
 
Figure 4.2.3-5: Zinc concentrations in pbb 
vs. contact time for each trial in vessel 88-
11-1 
 
Figure 4.2.3-6: Silver concentrations in ppt 
vs. contact time for each trial in vessel 88-
11-1 
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Dissolved copper concentrations varied from about 30 to 100 ppb in the trials with citric 
acid washes. In trial 1 30 parts per billion copper were in the water sample after 48 hours, 
whereas trials 2, 3, and 4 had between 60-100 parts per billion. Dissolved zinc concentrations in 
most of the trials for pouch 88-11-1 appeared to range between 500-1000 parts per billion. 
However, zinc concentration in Trial 4 for pouch 88-11-1 at 6000 ppb appeared to be an outlier. 
It is possible that the sterile filter used on this sample was faulty and failed to remove zinc 
particulate matter that may have been present in the sample. This possibility is supported by the 
fact that zinc in the corresponding unfiltered sample was found to be present at similarly high 
concentrations. Therefore, further analysis of sterile filtered zinc concentrations excluded this 
trial for pouch 88-11-1. Dissolved silver concentrations across all the trials were low but 
variable, ranging from 10 parts per trillion for trial 5 to 300 ppt silver for trial 1 in this pouch. 
For pouch 88-11-1, the total copper concentrations in trial 3 exhibited an increase in hour 
1 to about 125 ppb, decrease at t=6 hours to 70 ppb, and then increased to about 140 ppb after 48 
hours. The other trials did not display this behavior, but did differ in their final copper 
concentrations. Trials 1, 2, 5, and 7 ranged between 50-80 ppb copper, trials 3 and 4 were around 
140 ppb, and trial 6 was higher at about 185 ppb copper. The total zinc concentrations in trials 1, 
2, 3, 5, and 7 ranged between about 800-2800 ppb, and the concentrations for trials 4 and 6 were 
much higher at 6000 ppb. This level is above the taste threshold for zinc if it were to be 
consumed. The total silver concentrations for pouch 88-11-1 were highest for trials 1, 2, and 4, 
with concentrations between 500-600 ppt. Somewhat lower were trials 3, 6, and 7 at about 300-
400 ppt, and trial 7 had the lowest measured total silver at about 100 ppt after 48 hours. 
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4.2.4 Pouch 79-20-1
Figure 4.2.4-1: Copper concentration in ppb 
vs. contact time for each trial in vessel 79-
20-1 
 
 
Figure 4.2.4-2: Zinc concentration in ppb vs. 
contact time for each trial in vessel 79-20-1 
 
 
Figure 4.2.4-3: Silver concentration in ppt 
vs. contact time for each trial in vessel 79-
20-1 
Figure 4.2.4-4: Copper concentrations in 
ppb vs. contact time for each trial in vessel 
79-20-1 
 
 
Figure 4.2.4-5: Zinc concentrations in ppb 
vs. contact time for each trial in vessel 79-
20-1 
 
Figure 4.2.4-6: Silver concentrations in ppt 
vs. contact time for each trial in vessel 79-
20-1 
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For pouch 79-20-1, trials 1-4 dissolved copper concentrations ranged from 40-60ppb, and 
trials 5-7 were lower ranging from 20-40 parts per billion. For dissolved zinc, trials 3 and 4 had 
higher zinc concentrations of about 1250 to 1500 ppb after 48 hours than did the other trials, in 
which concentration ranged from 400-600 parts per billion of zinc. Dissolved silver 
concentrations in trial 5 were very low at around 10 ppt, much higher for trial 1 at 400 ppt, and in 
the other trials ranged between 125-275 parts per trillion of silver. 
Total copper concentrations in pouch 79-20-1 were highest in trials 1 and 3 at about 105 
ppb, compared to about 70 ppb for trials 2, 4, 6, and 7, and compared to about 40 ppb for trial 
five. Trial 6 exhibits an increase to 80 ppb after 1 hour, decreases to 60 ppb after 6 hours, then 
increases to about 75 ppb after 48 hours. This increase-decrease-increase behavior is also present 
in the zinc concentrations for trials six and seven. The total zinc concentrations in trials 2 and 5 
are lowest around 1500 ppb, compared to 2500 ppb for trials 1, 3, and 4 and to 3000 and 3500 
ppb for trials 6 and 7, respectively. Trials 6 and 7 have zinc levels that exceed the taste threshold 
for zinc if the water were to be consumed. Total silver concentrations were mostly in the range of 
400-600 ppt, with the exception of trial 5 which was about 100 ppt after 48 hours. Again, trial 5 
exhibited the increase-decrease-increase behavior seen with copper and zinc for pouch 79-20-1. 
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4.2.5 Pouch 49-49-1
Figure 4.2.5-1: Copper concentration in ppb 
vs. contact time for each trial in vessel 49-
49-1 
 
 
Figure 4.2.5-2: Zinc concentration in ppb vs. 
contact time for each trial in vessel 49-49-1 
 
 
 
Figure 4.2.5-3: Silver concentration in ppt 
vs. contact time for each trial in vessel 49-
49-1 
Figure 4.2.5-4: Copper concentrations in 
ppb vs. contact time for each trial in vessel 
49-49-1 
 
 
Figure 4.2.5-5: Zinc concentrations in ppb 
vs. contact time for each trial in vessel 49-
49-1 
 
 
Figure 4.2.5-6: Silver concentrations in ppt 
vs. contact time for each trial in vessel 49-
49-1 
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Except for trials 4 at 120 ppb and 3 at 85 ppb, dissolved copper concentrations for pouch 
49-49-1 trials ranged from 20-40 ppb. These higher copper concentration in trials 3 and 4 agree 
with the higher microbial reductions of 2.5-2.75 log10 for E. coli and 4.5 log10 for MS2  observed 
in these trials, compared to lower log10 reductions of 1.5-2.5 log10 for E. coli and 2.25-3.25 log10 
for MS2 observed in the other trials. Dissolved zinc concentrations in different trials ranged 
widely between 250-1200 parts per billion. Dissolved silver concentrations in different trials also 
varied widely between zero and 250 parts per trillion. 
Total copper concentrations from pouch 49-49-1 were highest for trials 1, 3, and 4 with 
about 125, 125, and 155 ppb, respectively. The copper concentrations in the other trials ranged 
from about 20-65 ppb after 48 hours. The total zinc concentrations for this pouch in trials 2, 3, 
and 5 ranged from 100-1500 ppb, compared to 4000, 2900, 2900, and 4900 ppb for trials 1, 4, 6, 
and 7, respectively. The zinc concentration in trial 5 increased to about 4500 ppb after 6 hours, 
but decreased to 2900 after the 48 hours. Total silver was present at about 475-600 ppt for trials 
1, 2, 3, 4, and 6, and at lower levels of 190 and 30 ppt in trials 6 and 5, respectively. 
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4.2.6 Pouch Brass 
Figure 4.2.6-1: Copper concentration in ppb 
vs. contact time for each trial in vessel Brass 
 
 
Figure 4.2.6-2: Zinc concentration in ppb vs. 
contact time for each trial in vessel Brass 
 
 
 
Figure 4.2.6-3: Silver concentration in ppt 
vs. contact time for each trial in vessel Brass 
Figure 4.2.6-4: Copper concentration in ppb 
vs. contact time for each trial in vessel Brass 
 
 
Figure 4.2.6-5: Zinc concentration in ppb vs. 
contact time for each trial in vessel Brass 
 
 
 
Figure 4.2.6-6: Silver concentration in ppt 
vs. contact time for each trial in vessel Brass 
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The dissolved copper concentrations released from brass pouches were divided into two 
concentration ranges. Trials 2, 5, and 6 had 25 ppb copper, and the other trials had 5-10 ppb 
copper. Dissolved zinc concentrations also appeared to be divided into two distinct ranges, but 
the trials in each concentration range were different than those for copper. Trials 2, 3, and 4 had 
zinc concentrations of 1500-2000 ppb, whereas the other trials ranged from 250-500 parts per 
billion of zinc. Dissolved silver concentrations were very low, and in no trials did silver 
concentrations exceed 40 parts per trillion. However, these low silver concentrations are to be 
expected, given that the brass granular material does not have silver as an intended ingredient 
(see section 3.1).  
For pouch Brass, the total copper levels after 48 hours were about 15 ppb for trials 3, 4, 
and 7, about 30 ppb for trials 1, 2, and 5, and about 49 ppb for trial six. Trial 1 had an increase of 
copper to 31 ppb after 1 hour, then decreased to 10 ppb after the 6 hour timepoint, then increased 
again to about 31 ppb after 48 hours. The total zinc concentrations were about 400-500 ppb for 
trials 1, 5, and 7, were about 1400-1500 ppb for trials 2, 3, and 6, and 2000 ppb for trial four. 
Total silver was less than 150 ppt for all trials and timepoints, with the exception of t=1 hour and 
t=6 hours for trial 2, which had approximately 340 and 380 ppt silver, respectively. 
 
4.3 Metals concentration by contact time products (Ct) based on ICP-MS results 
Because the concentrations of metals in the water changed over the contact time period, 
the metal results were converted into a metric that better represents microbial exposure to metal 
ions over the time period. Concentration-time (Ct) values were calculated for each metal released 
from the pouches for every trial. The Ct values were calculated by integrating the areas under the 
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metal ICP-MS results curve over the contact time. This was estimated by summing trapezoidal 
areas created by the sample timepoints (0, 1, 6, and 24 hours) and corresponding metal 
concentrations (mg/L) to determine the overall Ct values. The Ct values for each metal, pouch, 
and trial are shown as mg*h/L in the figures below. Full Ct results may be found in the appendix 
to this report. A comparison between unfiltered and sterile filtered Ct values is given in section 
4.4, and further analyses of the Ct results and analysis relating the results to microbial 
inactivation are provided in the Data Analysis section of this report. 
 
4.3.1 Ct calculations based on ICP-MS results of sterile filtered samples 
 
Figure 4.3.1-1: Calculated Copper Ct values of sterile filtered samples for each pouch and trial. 
 
The Ct values for the sterile filtered samples of copper are between approximately 1.0-1.5 
mg*h/L for pouch 88-11-1 DI in all trials except trial 5, in which the Ct for copper appears to be 
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only 0.5 mg*h/L over the 48 hours. The copper Ct values for pouch 88-11-1 SUS are somewhat 
more inconsistent, with trials 1, 3, 4 and 7 close to 1.0 mg*h/L, trial 2 higher at about 1.8 
mg*h/L, and trials 5 and 6 lower at approximately 0.55 and 0.3 mg*h/L, respectively. Copper Ct 
values for pouch 88-11-1 are inconsistent but generally high than pouches 88-11-1 DI or 88-11-1 
SUS, with a range between about 1.2 and 3.8 mg*h/L across the seven trials. The copper Ct 
values for pouch 79-20-1 in the first four trials range between about 1.4 and 2.5 mg*h/L, 
compared to a range of about 0.7-1.5 mg*h/L in the last 3 trials. Pouch 49-49-1 had the largest 
variability in copper Ct values, with trial 5 as low as 0.5 mg*h/L compared to 2.9 and 4.8 
mg*h/L in trials 3 and 4, respectively. The brass pouch had the lowest copper Ct values overall, 
with about 0.25 mg*h/L for trials 1, 3, 4, and 7, and slightly higher values of about 0.7-0.9 
mg*h/L for trials 2, 5, and six. Within each pouch, trials 1-4 seem to be a little higher than trials 
5-7 in terms of copper Ct values, though this difference may not be statistically significant. 
Further insight into the consistency of Ct values is given as coefficients of variation in the Data 
Analysis section of this report. 
67 
 
 
Figure 4.3.1-2: Calculated Zinc Ct values of sterile filtered samples for each pouch and trial. 
 
The zinc Ct values for pouch 88-11-1 DI is similar in its pattern across the trials to its 
copper Ct values, in that Ct values for trials 1, 2, 3, 4, 6, and 7 are similar and for zinc range 
between about 19-24 mg*h/L, compared to 14 mg*h/L in trial 5 for pouch 88-11-1 DI. Zinc Ct 
values for pouch 88-11-1 SUS range widely, from around 11-13 mg*h/L for trials 1 and 6, to 
about 25 mg*h/L in trials 5 and 7, up to 54-75 mg*h/L for trials 2, 3, and four. The zinc Ct 
values for pouch 88-11-1 was inconsistent between trials. Ignoring the outlier of trial 4, trial 2 
had the highest zinc Ct value at about 55 mg*h/L, compared to the lowest Ct value observed at 
around 14 mg*h/L in trial five. Pouch 79-20-1 had zinc Ct values of around 18-25 mg*h/L for 
trials 1, 5, 6, and 7, compared to 34, 63, and 76 mg*h/L for trials 2, 3, and 4, respectively. Zinc 
Ct values for pouch 49-49-1 were relatively consistent around 20-30 mg*h/L with the exception 
of trial 4, which reached about 64 mg*h/L over 48 hours. The Brass pouch zinc Ct values ranged 
widely, with trials 2, 3, and 4 in the range of 60-80 mg*h/L compared to 15, 9, 20, and 7 mg*h/L 
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in trials 1, 5, 6, and 7, respectively. There is not a clear pattern between the pouches or trials in 
terms of zinc Ct values, except that trials 2, 3, and 4 seem to be higher in zinc concentration than 
other trials for most of the pouches. Further insight into the consistency of Ct values is given as 
coefficients of variation in the Data Analysis section of this report. 
Figure 4.3.1-3: Calculated Silver Ct values of sterile filtered samples for each pouch and trial. 
 
The silver Ct values appeared to vary widely by trial for all the pouches, with the 
exception of the Brass pouch, which did not have appreciable levels of silver present anyways. 
Trial 1, 3, and 4 appear to have the highest silver Ct values for the non-brass pouches. Trial 5 had 
the lowest silver Ct values for all the pouches as well. However, the amount of silver present in 
the analyzed water samples was so small that it is possible that apparent differences by trial 
might not be significant due to precision limitations at this concentration (RSD values were often 
between 30 and 50 percent for the silver ICP-MS analysis) or calibration differences between 
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trials during ICP-MS analysis. Further insight into the consistency of Ct values is given as 
coefficients of variation in the Data Analysis section of this report. 
 
4.3.2 Ct calculations based on ICP-MS results of unfiltered samples 
 
Figure 4.3.2-1: Calculated Copper Ct values of unfiltered samples for each pouch and trial. 
 
The copper Ct results for pouch 88-11-1 DI are highest in trials 1 and 2 with 2.8 and 3.1 
mg*h/L respectively, followed by trials 6, 7, 3, and 4 with 2.2, 2.1, 1.8, and 1.7 mg*h/L, 
respectively. Trial 5 had the lowest Ct value for copper at about 0.9 mg*h/L over 48 hours. For 
pouch 88-11-1 SUS, trials, 1, 3, 4, and 7 had approximately 1.3 mg*h/L, compared to a higher Ct 
value of 2.1 in trial 2 and lower values of 0.8 and 0.4 mg*h/L in trials 5 and 6, respectively. 
Pouch 88-11-1 generally had higher copper Ct values than pouches 88-11-1 DI or 88-11-1 SUS, 
with Ct values of 3.4, 5.1, 5.7, 6.7, and 3.0 mg*h/L for trials 2, 3, 4, 6, and 7, respectively. The 
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copper Ct values in trials 1 and 5 were lower around 1.8-2.0 mg*h/L. In pouch 79-20-1 most 
trials had Ct values between 2 and 3.1 mg*h/L, with the exception of trial 1 and trial 5 at 5.0 and 
1.1 mg*h/L, respectively. For pouch 49-49-1, trials 1, 3, and 4 were highest with Ct values of 4, 
4.3, and 6.3 mg*h/L, respectively. Trials 2, 6, and 7 were somewhat lower in the range of 1.7-2.3 
mg*h/L, though not as low as trial at 0.8 mg*h/L over 48 hours. The Brass pouch had relatively 
low copper Ct values compared to the other pouches, with trials 1, 2, 5, and 6 hovering around 
1.0-1.5 mg*h/L, and trials 3, 4, and 7 even lower at around 0.5 mg*h/L over the 48 hours. From 
this data there does not appear to be a clear pattern between pouches or trials, except that trial 5 
for most pouches is below 1 mg*h/L. 
 
Figure 4.3.2-2: Calculated Zinc Ct values of unfiltered samples for each pouch and trial. 
 
Zinc appeared to be highest in trials 6 and 7 for pouch 88-11-1 DI, reaching about 130 
and 150 mg*h/L, respectively. Trials 1-5 appeared to range between 25 and 50 mg*h/L over the 
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48 hours. Zinc Ct values in pouch 88-11-1 SUS were highest for trials 2, 3, and 4, with about 65-
75 mg*h/L compared to the other trials, which all had 40 mg*h/L or less. In pouch 88-11-1, there 
was wide variability between trials. Trial 1 had a zinc Ct value of about 20 mg*h/L, whereas 
trials 2, 3, 5, and 7 were in the range of 40-80 mg*h/L. Trial 6 was even higher at about 230 
mg*h/L, and trial 4, which was excluded as it was thought to be an outlier, had 6000 mg*h/L 
over the 48 hours. Pouch 79-20-1 was somewhat more consistent, though there was still 
variability between trials for this pouch. Trials 1, 3, 4, 6, and 7 all were in the range of 100-150 
mg*h/L, compared to 70 and 50 mg*h/L in trials 2 and 5, respectively. Zinc Ct values pouch 49-
49-1 varied between about 35050 mg*h/L in trials 2, 3, and 5 to about 225 mg*h/L in trial seven. 
The Brass pouch had zinc Ct values around 20 mg*h/L for trials 1, 5, and 7, compared to values 
of 50-80 for the other trials. From this data there does not appear to be a clear trend regarding the 
zinc Ct values found by pouch or trial. 
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Figure 4.3.2-3: Calculated Silver Ct values of unfiltered samples for each pouch and trial. 
 
The Ct values of silver for pouch 88-11-1 DI were highest in trials 1, 3, and 4 around 
0.055-0.06 mg*h/L, compared to less than 0.02 mg*h/L in the other trials. For pouch 88-11-1 
SUS, trial 1 had the highest Ct value of silver at 0.08 mg*h/L, compared to the other trials which 
had less than 0.02 mg*h/L over 48 hours. Silver Ct values for pouch 88-11-1 were between 
0.015-0.03 mg*h/L for trials 1-4, and lower for trials 5-7 ranging between 0.003 and 0.013 
mg*h/L. Pouch 79-20-1 also had higher levels for trials 1-4 ranging from 0.02-0.045 mg*h/L, 
and trial 5 lowest around 0.004 mg*h/L. Pouch 49-49-1 was fairly consistent and had higher Ct 
values in trials 1-4 of around 0.02 mg*h/L. Trial 5 had the lowest Ct value for silver around 
0.002 mg*h/L. The Brass pouch had very low Ct values for silver, which was to be expected as 
silver was not an intended ingredient. Silver appears to be higher in general for trials 1-4 than 
trials 5-7 for all of the pouches, though that difference might not be statistically significant. Trial 
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5 typically had the lowest Ct for all pouches, and trials 6 and 7 typically had the next to lowest 
Ct values. 
 
4.3.3 Comparison of unfiltered and sterile filtered Ct values for each metal 
To gain insight into the relationship between dissolved metals and total metals present in 
the test waters, the Ct values for sterile filtered and unfiltered samples were plotted against each 
other without respect to pouch. This relationship is shown in the figures below, with a red line 
drawn on the diagonal of each graph marking where sterile filtered and unfiltered samples would 
be equivalent. 
 
Figure 4.3.3-1: Copper Ct values for sterile filtered water samples against unfiltered water 
samples. 
 
It appears that the unfiltered sample copper Ct values provide a decent estimate of the 
sterile filtered copper Ct values up to about 2 mg*h/L, which means that in this range dissolved 
copper is likely the main form of copper present. At levels greater than 2 mg*h/L, the sterile 
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filtered samples often have Ct values that are between ½ and 2/3 of the unfiltered Ct values. At 
levels less than 2mg*h/L, the Ct values between filtered and unfiltered samples are more closely 
aligned. This still suggests that copper in the test water was largely in a dissolved form or forms 
in addition to some particulate forms, especially with higher levels of total copper in the water. 
 
Figure 4.3.3-2: Zinc Ct values for sterile filtered water samples against unfiltered water samples. 
 
Up to about 25 mg*h/L, the sterile filtered zinc Ct values and unfiltered zinc Ct values 
are largely equivalent, which suggests that dissolved zinc is the main form of zinc present. 
Beyond 100 mg*h/L, it appears that the majority of zinc present in test waters is in a non-
dissolved form. 
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Figure 4.3.3-3: Silver Ct values for sterile filtered water samples against unfiltered water 
samples. 
 
Silver appears to be mostly present in very low levels as undissolved form throughout the 
range of Ct values exhibited. 
 
4.4 t=48 hour metal concentrations of unfiltered samples as estimates of total metals 
concentrations. 
The final concentrations of total metal (particulate and dissolved) present in each vessel 
after 48 hours are shown in the figures below. This represents the concentration of metals in the 
water that would be ingested by a consumer. As previously mentioned, the WHO limits on 
copper, zinc, and silver, are 2 mg/L, 3 mg/L (taste threshold), and 0.1 mg/L, respectively. Further 
analyses of these results are provided in the Data Analysis section of this report. 
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Figure 4.4-1: Total copper concentration in the water after 48 hours pouch exposure 
 
It appears that copper is well within the 2 mg/L limit for drinking water, as the highest 
copper concentration found (pouch 88-11-1 trial 6) is still about an order of magnitude less than 
the 2 mg/L drinking water limit. 
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Figure 4.4-2: Total zinc concentration in the water after 48 hours pouch exposure 
 
In the above figure, the horizontal dashed red line depicts the taste threshold for zinc in 
drinking water. Zinc exceeded the taste threshold of 3 mg/L occasionally for 4 of the 6 pouches. 
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Figure 4.4-3: Total silver concentration in the water after 48 hours pouch exposure 
 
It appears that the silver levels here are well within the 0.1 mg/L limit for drinking water 
for all pouches and trials. 
 
4.5 pH results 
Below are shown the pH levels and changes in pH level observed for each vessel from 
the start of the experiment (t=0) to the end (t=48) for each pouch and trial. Further analyses of 
the pH results are provided in the Data Analysis section of this report. 
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Table 4.5: pH values at t=0 and t=48 for each pouch and trial
 
Pouch Trial pH at t=0 pH at t=48 pH Change
1 7.4 7.4 0
2 7.39 7.39 0
3 7.41 7.4 -0.01
4 7.39 7.4 0.01
5 7.37 7.37 0
6 7.38 7.39 0.01
7 7.36 7.38 0.02
1 7.36 7.42 0.06
2 7.37 7.44 0.07
3 7.42 7.46 0.04
4 7.38 7.45 0.07
5 7.41 7.48 0.07
6 7.37 7.43 0.06
7 7.42 7.49 0.07
1 7.41 7.46 0.05
2 7.38 7.44 0.06
3 7.36 7.43 0.07
4 7.36 7.43 0.07
5 7.42 7.44 0.02
6 7.45 7.53 0.08
7 7.38 7.47 0.09
1 7.39 7.45 0.06
2 7.36 7.45 0.09
3 7.36 7.43 0.07
4 7.35 7.43 0.08
5 7.37 7.44 0.07
6 7.37 7.47 0.1
7 7.38 7.48 0.1
1 7.37 7.44 0.07
2 7.37 7.43 0.06
3 7.37 7.44 0.07
4 7.37 7.43 0.06
5 7.41 7.44 0.03
6 7.39 7.48 0.09
7 7.38 7.47 0.09
1 7.4 7.44 0.04
2 7.4 7.47 0.07
3 7.36 7.42 0.06
4 7.35 7.41 0.06
5 7.42 7.43 0.01
6 7.4 7.48 0.08
7 7.43 7.5 0.07
1 7.39 7.41 0.02
2 7.38 7.4 0.02
3 7.36 7.4 0.04
4 7.36 7.39 0.03
5 7.4 7.41 0.01
6 7.38 7.41 0.03
7 7.42 7.45 0.03
Brass
Control
88-11-1 DI
88-11-1 SUS
88-11-1
79-20-1
49-49-1
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The initial pH levels measured were all within the pH target range of 7.4 + 0.05 pH units. 
The control vessel’s pH did not change more than 0.02 pH units during the 48 hour experiments, 
which indicates that the 1:10 DPBS was a suitable buffer for maintaining pH. Therefore, it might 
also be assumed that the changes in pH observed in the other vessels are due to the presence of 
the metals or metal ions from the pouches. After 48 hours contact time with the metals, the pH of 
the test waters increased by about 0.05-0.10 pH units for all pouches except the Brass pouch. The 
Brass pouch did increase for all trials, but had smaller increases of 0.01-0.04 pH units. The 
increase in pH values over 48 hours for the pouches relative to the control vessel indicates that 
there is some interaction occurring due to the presence of the metals in the pouches, perhaps 
redox reactions or other interactions between the metal, air, water, or microbes, that is 
influencing pH of the water.  
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5 DATA ANALYSIS & INTERPRETATION 
Microsoft Excel and statistical programming software (JMP) were used for data analysis. 
Overall results from each metal particle pouch were divided into 3 groups of experimental trials. 
The first group included trials 1-4 (citric acid wash trials for all pouches except 88-11-1 DI), the 
second group included trials 5-7 (not acid washed), and the third group included all trials (to 
represent overall performance). Microbe reduction and metal Ct data within these groups were 
averaged and standard deviations were calculated. Microbe reductions for data groups were fit to 
log-linear models and were compared based on inactivation rate using mixed model analysis. 
 
5.1 Dissolved metal levels and microbial reduction data analysis for each pouch 
Results for microbial reductions and metal levels from each group of trials were used to 
generate disinfection regression curves as well as averaged values for microbe log10 (Nt/Nc) 
reductions and metal Ct values after 48 hours contact time.  
For each pouch, sterile filtered metal Ct calculations for each group of trials are first 
shown in a table as averaged Ct values with standard deviations. A second table shows the 
corresponding averaged microbial inactivation data with standard deviations after 48 hours for 
each group of trials.  
In order to characterize disinfection kinetics, log10(Nt/Nc) microbial reductions over time 
for each group of trials were then plotted as fits to linear regression lines. The plots are shown 
with the 95% confidence interval shaded. Following these plots are tables that list the parameters 
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of the linear regression model and goodness of fit R
2
 values. Mixed model analysis for 
comparison of microbial inactivation rates and results are analyzed further in section 5.2. 
 
5.1.1 Performance of Pouch 88-11-1 DI Metals, by Trial Groups 
Table 5.1.1-1: Average Ct estimates in mg*h/L for Metals of Pouch 88-11-1 DI after 48 hours 
Pouch Trials 
Ct Copper (mg*h/L) Ct Zinc (mg*h/L) Ct Silver (mg*h/L) 
Average Std dev. Average Std dev. Average Std dev. 
88-11-
1 DI 
1,2,3,4 1.27 0.20 21.05 2.19 0.014 0.007 
5,6,7 0.84 0.28 21.05 5.25 0.003 0.002 
All 1.10 0.32 21.05 3.40 0.010 0.008 
 
The Ct estimates are relatively consistent for copper, zinc and silver over the 7 trials, as 
indicated by coefficients of variation (CVs) of 29.3% and 16.2%, for copper and zinc, 
respectively (Table 5.1.1-1). The first group showed on average a higher copper Ct value than 
the second group, but this difference was not statistically significant at the α=0.05 level. 
Table 5.1.1-2: Average log10 microbe reductions for pouch 88-11-1 DI after 48 hours 
Pouch Trials 
E. coli Log10 (Nt/Nc) MS2 Log10 (Nt/Nc) 
Average Std dev. Average Std dev. 
88-11-
1 DI 
1,2,3,4 -2.37 0.28 -2.90 0.33 
5,6,7 -1.93 0.32 -2.46 0.30 
All -2.18 0.36 -2.71 0.38 
 
As shown in Table 5.1.1-2, average log10 reductions were about 2.2 for E. coli and 2.7 for 
MS2, with relatively consistent reductions over the 7 trials as indicated by CVs of 16.5% and 
13.8%, respectively. Average reduction of MS2 was about 0.5 logs greater than for E. coli over 
48 hours. Microbial reductions were about 0.4 log10 greater in the first group (trials 1-4) than the 
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second group (trials 5-7), but this difference was not statistically significant at the α=0.05 level. 
Overall, the antimicrobial performance of this this pouch did not change appreciably from week 
to week and was not changed significantly by the lack of citric acid wash over the experimental 
period of seven weeks. 
 
Figure 5.1.1-1: Pouch 88-11-1 DI E. coli 
log10 reductions (Nt/Nc) in trials 1,2,3,4 
 
Figure 5.1.1-2: Pouch 88-11-1 DI E. coli 
log10 reductions (Nt/Nc) in trials 5,6,7 
 
Figure 5.1.1-3: Pouch 88-11-1 DI E. coli 
log10 reductions (Nt/Nc) in all trials 
 
Figure 5.1.1-4: Pouch 88-11-1 DI MS2 log10 
reductions (Nt/Nc) in trials 1,2,3,4 
 
Figure 5.1.1-5: Pouch 88-11-1 DI MS2 log10 
reductions (Nt/Nc) in trials 5,6,7 
 
Figure 5.1.1-6: Pouch 88-11-1 DI MS2 log10 
reductions (Nt/Nc) in all trials 
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Table 5.1.1-3: Pouch 88-11-1 DI summary of microbial reduction kinetic parameters 
Pouch Microbe Trials 
Slope 
(-log10 reductions * hour
-1) 
R-squared 
value 
Linear fit? 
88-11-1 
DI 
E. coli 
1,2,3,4 -0.051 0.961 YES 
5,6,7 -0.042 0.939 YES 
All -0.047 0.940 YES 
88-11-1 
DI 
MS2 
1,2,3,4 -0.060 0.947 YES 
5,6,7 -0.053 0.974 YES 
All -0.057 0.946 YES 
Microbial inactivation kinetics for pouch 88-11-1 DI appear to fit a first-order log-linear 
model well, with all R
2
 values above 93 percent (Table 5.1.1-3). Inactivation is slightly faster on 
average in the first 4 trials (slope = -0.051 and -0.060 for E. coli and MS2, respectively) than in 
the last 3 trials (slope = -0.042 and -0.053 for E. coli and MS2, respectively), but this difference 
is relatively small and indicates perhaps only a modest decline in antimicrobial performance by 
the pouch. 
 
5.1.2 Performance of Pouch 88-11-1 SUS Metals, by Trial Groups 
In trial 6, pouch 88-11-1 SUS have uncharacteristically low microbial reduction performance, 
perhaps due to an external or confounding factor outside of experimental control. Therefore, 
trials 5 and 7 are analyzed as a separate group in addition to the group comprised of trials 5, 6, 
and seven.  
Table 5.1.2-1: Average Ct estimates in mg*h/L for metals of pouch 88-11-1 SUS after 48 hours 
Pouch Trials 
Ct Copper (mg*h/L) Ct Zinc (mg*h/L) Ct Silver (mg*h/L) 
Average Std dev. Average Std dev. Average Std dev. 
88-11-
1 SUS 
1,2,3,4 1.30 0.38 51.95 26.67 0.008 0.006 
5,6,7 0.60 0.32 21.22 7.97 0.002 0.002 
5,7 0.76 0.26 25.77 1.75 0.002 0.002 
All 1.00 0.49 38.78 25.43 0.005 0.005 
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As shown in Table 5.1.2-1, Trials 1-4 have about 2-fold or greater Ct values for copper, 
zinc, and silver than do trials 5, 6, and 6 or trials 5 and seven. However, the differences in Ct 
values are not statistically significant at the α=0.05 level. The inconsistency in metal ion release 
observed over the 7 trials is reflected in CVs of 49.5% and 65.6% for copper and zinc, 
respectively. 
Table 5.1.2-2: Average log10 microbial reductions by trial groups for pouch 88-11-1 SUS after 48 
hours 
Pouch Trials 
E. coli Log10 (Nt/Nc) MS2 Log10 (Nt/Nc) 
Average Std dev. Average Std dev. 
88-11-
1 SUS 
1,2,3,4 -2.38 0.33 -2.89 0.70 
5,6,7 -1.21 0.83 -1.65 1.21 
5,7 -1.68 0.11 -2.35 0.13 
All -1.88 0.82 -2.36 1.08 
 
Likewise, as shown in Table 5.1.2-2, microbial reductions  in trials 1-4 are greater at 
about 2.4 and 2.9 log10 for E. coli and MS2, respectively,   than for the other trial groups at <1.7 
and <2.4 for E. coli and MS2, respectively (Table 5.1.2-2). However, these differences among 
trial groups are not statistically significantly different, perhaps due to the variability in microbial 
reduction performance across trials. The CVs of log10 reductions for all trials were about 44 and 
46% for E. coli and MS2, respectively, but they differed between trial groups, with CVs of 13 
and 24% for E. coli and MS2, respectively, in trial group 1, 2, 3 and 4 versus 69% and 73% for 
E. coli and MS2, respectively, in trial group 5, 6, and 7. 
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Figure 5.1.2-1: Pouch 88-11-1 SUS E. coli 
log10 reductions (Nt/Nc) in trials 1,2,3,4 
 
Figure 5.1. 2-2: Pouch 88-11-1 SUS E. coli 
log10 reductions (Nt/Nc) in trials 5,6,7 
 
Figure 5.1.2-3: Pouch 88-11-1 SUS E. coli 
log10 reductions (Nt/Nc) in trials 5,7 
 
Figure 5.1.2-4: Pouch 88-11-1 SUS E. coli 
log10 reductions (Nt/Nc) in all trials 
 
Figure 5.1.2-5: Pouch 88-11-1 SUS MS2 
log10 reductions (Nt/Nc) in trials 1,2,3,4 
 
Figure 5.1.2-6: 88-11-1 Pouch CS MS2 
log10 reductions (Nt/Nc) in trials 5,6,7 
  
Figure 5.1.2-7: Pouch 88-11-1 SUS MS2 
log10 reductions (Nt/Nc) in trials 5,7 
  
Figure 5.1.2-8: Pouch 88-11-1 SUS MS2 
log10 reductions (Nt/Nc) in all trials 
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Table 5.1.2-3: Pouch 88-11-1 SUS summary of microbial reduction kinetic parameters 
Pouch Microbe Trials 
Slope 
(-log10 reductions * hour
-1
) 
R-squared 
value 
Linear 
fit? 
88-11-
1 SUS 
E. coli 
1,2,3,4 -0.051 0.933 YES 
5,6,7 -0.026 0.544 NO 
5,7 -0.036 0.932 YES 
All -0.040 0.715 YES 
88-11-
1 SUS 
MS2 
1,2,3,4 -0.061 0.911 YES 
5,6,7 -0.035 0.594 NO 
5,7 -0.050 0.972 YES 
All -0.050 0.750 YES 
 
As shown in Table 5.1.2-3, microbial inactivation kinetics from pouch 88-11-1 SUS 
could be described by first order kinetics for all trial groups except for E. coli and MS2 in trial 
group 5, 6, and 7. These trial groups showed relatively wide variability in microbial reduction 
performance, largely due to poor microbial reduction performance and metals release in trial six. 
This variability in microbial reduction performance, related largely to poor reductions 
performance in trial 6, increased the confidence interval of the regression model such that the 
data could not be modeled by first order kinetics. However, the exclusion of trial 6 from the 
group as an outlier allowed for log-linear (first order) kinetic modelling of the performance based 
on trials 5 and seven of this pouch. Inactivation is slightly faster on average in the first 4 trials 
(slope = -0.051 and -0.061 for E. coli and MS2, respectively) than in the trials 5 and 7 (slope = -
0.036 and -0.050 for E. coli and MS2, respectively), but this difference is relatively small and 
indicates perhaps only a modest decline in antimicrobial performance by the pouch. 
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5.1.3 Performance of Pouch 88-11-1 Metals, by Trial Groups 
Table 5.1.3-1: Average Ct estimates in mg*h/L for metals of pouch 88-11-1 (Zinc trial 4 
excluded) 
Pouch Trials 
Ct Copper (mg*h/L) Ct Zinc (mg*h/L) Ct Silver (mg*h/L) 
Average Std dev. Average Std dev. Average Std dev. 
88-11-
1 
1,2,3,4 2.55 1.12 34.16 18.27 0.007 0.002 
5,6,7 1.54 0.32 21.18 5.25 0.003 0.002 
All 2.12 0.98 27.67 13.97 0.005 0.003 
 
As shown in Table 5.1.3-1, the Ct values for pouch 88-11-1 on average are higher for the 
first 4 trials than the last 3 trials. Again, this is not a statistically significant difference at the 
α=0.05 level due to the high standard deviations observed in the first 4 trials for Ct values of 
copper and zinc. CVs of Ct values for copper and zinc in trial group 1, 2, 3 and 4 were 44 and 
53%, respectively, compared to 9 and 7%, respectively in trial group 5, 6 and 7. 
Table 5.1.3-2: Average log10 microbe reductions for pouch 88-11-1 after 48 hours 
Pouch Trials 
E. coli Log10(Nt/Nc) MS2 Log10(Nt/Nc) 
Average Std dev. Average Std dev. 
88-11-
1 
1,2,3,4 -2.62 0.42 -4.08 0.61 
5,6,7 -2.43 0.28 -2.68 0.19 
All -2.54 0.35 -3.48 0.87 
 
Consistent with the higher Ct values in trial group 1, 2, 3 and 4 compared to trial group 5, 
6 and 7, the log 10 microbial reductions  also were greater in the first 4 trials than in the second 3 
trials for both E. coli (2.6 versus 2.4) and particularly MS2 (4.1 versus 2.9) (Table 5.1.3-2).  
However, these trial group differences in log10 microbial reductions were not statistically 
significantly different at the α=0.05 level. Perhaps with more trials, a statistically significant 
difference could be documented, at least for MS2 reductions. 
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Figure 5.1.3-1: Pouch 88-11-1 E .coli log10 
reductions (Nt/Nc) in trials 1,2,3,4 
 
Figure 5.1.3-2: 88-11-1 E. coli log10(Nt/Nc) 
trials 5,6,7 
 
Figure 5.1.3-3: Pouch 88-11-1 E. coli log10 
reductions (Nt/Nc) in all trials 
 
Figure 5.1.3-4: Pouch 88-11-1 MS2 log10 
reductions (Nt/Nc) in trials 1,2,3,4 
 
Figure 5.1.3-5: 88-11-1 MS2 log10(Nt/Nc) 
trials 5,6,7 
 
Figure 5.1.3-6: Pouch 88-11-1 MS2 log10 
(Nt/Nc) in all trials 
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Table 5.1.3-3: 88-11-1 summary of microbial disinfection kinetic parameters
Pouch Microbe Trials 
Slope 
(-log10 reductions * hour
-1
) 
R-
squared 
value 
Linear 
fit? 
88-11-
1 
E. coli 
1,2,3,4 -0.054 0.951 YES 
5,6,7 -0.051 0.967 YES 
All -0.053 0.955 YES 
88-11-
1 
MS2 
1,2,3,4 -0.086 0.890 YES 
5,6,7 -0.056 0.946 YES 
All -0.073 0.804 YES 
 
As shown by the results summarized in Table 5.1.3-3, microbial reductions by the metals 
of pouch 88-11-1C can be described by first-order kinetics, with R
2
 values of 0.80 to 0.97.  The 
log10 microbial reduction kinetic parameters for pouch 88-11-1 indicate a faster rate of reduction 
of MS2 (slope = -0.073, all trials) than for E. coli bacteria (slope = -0.053, all trials). It should 
also be noted that the difference in rate of inactivation between the first 4 trials and last 3 trials is 
relatively large for MS2 (slope = -0.086 versus -0.056) while for E. coli bacteria the difference is 
very small (slope = -0.054 versus 0.051). 
 
5.1.4 Performance of Pouch 79-20-1 Metals, by Trial Groups 
Table 5.1.4-1: Averaged Ct estimates for pouch 79-20-1 after 48 hours 
Pouch Trials 
Ct Copper (mg*h/L) Ct Zinc (mg*h/L) Ct Silver (mg*h/L) 
Average Std dev. Average Std dev. Average Std dev. 
79-20-
1 
1,2,3,4 1.74 0.50 49.35 25.70 0.008 0.004 
5,6,7 1.11 0.41 21.30 3.80 0.005 0.004 
All 1.47 0.54 37.33 23.67 0.007 0.004 
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As shown in Table 5.1.4-1, the Ct values of copper, zinc, and silver were on average 
about 1.5-2 times higher in trials 1-4 (1.7, 49.3, and 0.008 mg*h/L, respectively) than in trials 5-
7 (1.1, 21.3, and 0.005 mg*h/L, respectively), but the standard deviations of the values were still 
too large to be show a statistically significant difference at the α=0.05 level. CVs of the Ct values 
for copper and zinc in trials 1, 2, 3, and 4 were 28.7% and 52.1%, respectively, and for trials 5, 6, 
and 7 were 36.6% and 17.8%, respectively. 
Table 5.1.4-2: Average log10 microbe reductions for pouch 79-20-1 after 48 hours 
Pouch Trials 
E. coli Log10(Nt/Nc) MS2 Log10(Nt/Nc) 
Average Std dev. Average Std dev. 
79-20-
1 
1,2,3,4 -2.33 0.33 -3.59 0.77 
5,6,7 -1.94 0.52 -2.18 0.39 
All -2.17 0.43 -2.99 0.96 
 
Consistent with the higher Ct values in trials 1, 2, 3, and 4 compared to trials 5, 6 and 7, 
the log10 microbial reductions  also were greater in the first 4 trials than in the second 3 trials for 
both E. coli (2.3 versus 1.9) and particularly MS2 (3.6 versus 2.2) (Table 5.1.4-2).  Still, no 
statistically significant differences were observed between the two groups of trials due to the 
high standard deviations. CVs of trial group 1, 2, 3, and 4 for E. coli and MS2 were 14.2% and 
21.5%, respectively, compared to 26.5% and 18% for trial group 5, 6, and seven. 
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Figure 5.1.4-1: 79-20-1 E. coli log10(Nt/Nc) 
trials 1,2,3,4 
 
Figure 5.1.4-2: 79-20-1 E. coli log10(Nt/Nc) 
trials 5,6,7 
 
Figure 5.1.4-3: 79-20-1 E. coli log10(Nt/Nc) 
all trials 
 
Figure 5.1.4-4: 79-20-1 MS2 log10(Nt/Nc) 
trials 1,2,3,4 
 
Figure 5.1.4-5: 79-20-1 MS2 log10(Nt/Nc) 
trials 5,6,7 
 
Figure 5.1.4-6: 79-20-1 MS2 log10(Nt/Nc) 
all trials 
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Table 5.1.4-3: 79-20-1 summary of microbial disinfection kinetic parameters 
Pouch Microbe Trials 
Slope 
(-log10 reductions * hour
-1
) 
R-squared 
value 
Linear 
fit? 
79-
20-1 
E. coli 
1,2,3,4 -0.048 0.879 YES 
5,6,7 -0.041 0.880 YES 
All -0.045 0.861 YES 
79-
20-1 
MS2 
1,2,3,4 -0.076 0.859 YES 
5,6,7 -0.046 0.873 YES 
All -0.063 0.760 YES 
 
As shown by the results summarized in Table 5.1.4-3, microbial reduction by the metals 
of pouch 88-11-1C can be described by first-order kinetics, with R
2
 values of 0.76 to 0.88. The 
difference in rate of inactivation observed from trials 1-4 to trials 5-7 appears to be greater for 
MS2 (slope= -0.076 versus -0.046) than for E. coli bacteria (slope= -0.048 versus -0.041).  
 
5.1.5 Performance of Pouch 49-49-1 Metals, by Trial Groups 
Table 5.1.5-1: Averaged Ct estimates for pouch 49-49-1 after 48 hours 
Pouch Trials 
Ct Copper (mg*h/L) Ct Zinc (mg*h/L) Ct Silver (mg*h/L) 
Average Std dev. Average Std dev. Average Std dev. 
49-49-
1 
1,2,3,4 2.58 1.67 36.87 18.46 0.007 0.002 
5,6,7 0.77 0.21 23.19 1.77 0.003 0.003 
All 1.81 1.54 31.00 15.00 0.005 0.003 
 
As shown in Table 5.1.5-1, the 49-49-1, the Ct values for pouch 49-49-1 for copper and 
zinc are on average higher for trials 1-4 ( 2.58 and 36.9, respectively) than for trials 5-7 (0.77 and 
23.2, respectively). However, the copper and zinc Ct values in the trial group 1, 2, 3, and 4 had 
wide standard deviations that did not allow for a statistically significant difference to be 
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determined. There is inconsistency of the Ct values over the 7 trials as indicated by CVs of 
85.1% and 48.4% for copper and zinc, respectively. 
Table 5.1.5-2: Average log10 microbe reductions for pouch 49-49-1 after 48 hours 
Pouch Trials 
E. coli Log10(Nt/Nc) MS2 Log10(Nt/Nc) 
Average Std dev. Average Std dev. 
49-49-
1 
1,2,3,4 -2.42 0.44 -3.76 0.72 
5,6,7 -1.74 0.26 -2.25 0.07 
All -2.13 0.50 -3.11 0.95 
 
Consistent with the higher Ct values in trial group 1, 2, 3 and 4 compared to trial group 5, 
6 and 7, the log 10 microbial reductions  also were greater in the first 4 trials than in the second 3 
trials for both E. coli (2.4 versus 1.7) and particularly MS2 (3.7 versus 2.3) (Table 5.1.5-2).  
However, these trial group differences in log10 microbial reductions were not statistically 
significantly different at the α=0.05 level. The CVs of microbial reductions for E. coli and MS2 
over the 7 trials were 23.6% and 30.6%, respectively. 
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Figure 5.1.5-1: 49-49-1 E. coli log10(Nt/Nc) 
trials 1,2,3,4 
 
Figure 5.1.5-2: 49-49-1 E. coli log10(Nt/Nc) 
trials 5,6,7 
 
Figure 5.1.5-3: 49-49-1 E. coli log10(Nt/Nc) 
all trials 
 
Figure 5.1.5-4: 49-49-1 MS2 log10(Nt/Nc) 
trials 1,2,3,4 
 
Figure 5.1.5-5: 49-49-1 MS2 log10(Nt/Nc) 
trials 5,6,7 
 
Figure 5.1.5-6: 49-49-1 MS2 log10(Nt/Nc) 
all trials 
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Table 5.1.5-3: 49-49-1 summary of microbial disinfection kinetic parameters
Pouch Microbe Trials 
Slope 
(-log10 reductions * hour
-1
) 
R-squared 
value 
Linear 
fit? 
49-49-
1 
E. coli 
1,2,3,4 -0.049 0.914 YES 
5,6,7 -0.037 0.908 YES 
All -0.044 0.873 YES 
49-49-
1 
MS2 
1,2,3,4 -0.079 0.855 YES 
5,6,7 -0.049 0.925 YES 
All -0.066 0.761 YES 
 
Microbial inactivation kinetics for pouch 49-49-1 appear to fit a first-order log-linear 
model, with all R
2
 values between 0.76 and 0.91 percent (Table 5.1.5-3). Inactivation is faster on 
average in the first 4 trials (slope = -0.049 and -0.079 for E. coli and MS2, respectively) than in 
the last 3 trials (slope = -0.037 and -0.049 for E. coli and MS2, respectively). 
 
5.1.6 Performance of Pouch Brass Metals, by Trial Groups 
Table 5.1.6-1: Averaged Ct estimates for pouch Brass after 48 hours 
Pouch Trials 
Ct Copper (mg*h/L) Ct Zinc (mg*h/L) Ct Silver (mg*h/L) 
Average Std dev. Average Std dev. Average Std dev. 
Brass 
1,2,3,4 0.46 0.33 57.37 29.45 0.001 0.000 
5,6,7 0.62 0.33 12.14 6.74 0.000 0.000 
All 0.53 0.32 37.98 32.14 0.001 0.001 
 
As shown in Table 5.1.6-1, the Ct values for the brass pouch show that trials 1-4 on 
average have lower copper Ct, higher zinc Ct, and higher silver Ct than the trials 5, 6, and 7. 
None of these differences are statistically significant due to the inconsistent release of the metals 
into the water across the trials. The CVs for copper and zinc over the 7 trials are rather high at 
59.5% and 84.6%, respectively. 
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Table 5.1.6-2: Average log10 microbe reductions for pouch Brass after 48 hours 
Pouch Trials 
E. coli Log10(Nt/Nc) MS2 Log10(Nt/Nc) 
Average Std dev. Average Std dev. 
Brass 
1,2,3,4 -0.11 1.11 -0.65 1.16 
5,6,7 -1.53 0.74 -1.64 1.47 
All -0.72 1.17 -1.08 1.30 
 
As shown in Table 5.1.6-2, average log10 reductions from trials 5-7 were larger than 
reductions in trials 1-4 for both E. coli (1.5 versus 0.1 log10, respectively) and for MS2 (1.6 
versus 0.7 log10, respectively ), though differences were not statistically significant. Overall, the 
Brass pouch was characterized by inconsistent performance as indicated by high CVs of 163.2% 
and 120.2% for E. coli and MS2, respectively. 
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Figure 5.1.6-1: Brass E. coli log10(Nt/Nc) 
trials 1,2,3,4 
 
Figure 5.1.6-2: Brass E. coli log10(Nt/Nc) 
trials 5,6,7 
 
Figure 5.1.6-3: Brass E. coli log10(Nt/Nc) 
all trials 
 
Figure 5.1.6-4: Brass MS2 log10(Nt/Nc) 
trials 1,2,3,4 
 
Figure 5.1.6-5: Brass MS2 log10(Nt/Nc) 
trials 5,6,7 
 
Figure 5.1.6-6: Brass MS2 log10(Nt/Nc) all 
trials 
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Table 5.1.6-3: Brass summary of microbial disinfection kinetic parameters
Pouch Microbe Trials 
Slope 
(-log10 reductions * hour
-1
) 
R-squared 
value 
Linear 
fit? 
Brass E. coli 
1,2,3,4 -0.003 0.007 NO 
5,6,7 -0.033 0.710 YES 
All -0.016 0.150 NO 
Brass MS2 
1,2,3,4 -0.013 0.139 NO 
5,6,7 -0.033 0.463 NO 
All -0.022 0.261 NO 
 
As shown in Table 5.1.6-3, except for the group with E. coli on trials 5, 6, and 7, no 
linear regression was found to be appropriate. The Hom model and One Hit-Two Population 
models were judged not to be appropriate either, as attempts to model microbial inactivation 
resulted in poor goodness-of-fit values for both models. The inconsistent release of metals and 
microbial inactivation by the Brass pouch led to large standard deviations that obscured kinetic 
modeling that might have been performed with these models for most of the trial groups. Instead, 
a series of non-parametric one way ANOVA (Kruskal-Wallis) tests were performed to determine 
if the microbial reductions for the brass pouch over 7 trials could be concluded as statistically 
different from the microbial reductions of the other pouches.  
The K-W test determines if at least one set of samples (in this case microbial reductions 
from each trial) differs from the other sets of samples. It does not identify which group is 
statistically different from the others. To determine if the brass pouch was different from the 
other samples, the K-W analysis was run under two scenarios. The first was for microbe 
reductions of all pouches except for the Brass pouch, and the second was for microbe reductions 
of all pouches including the Brass pouch. By comparing the results of the two scenarios and 
subsequent post hoc tests, it could be determined whether the Brass pouch microbial reductions 
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were significantly different from the microbial reductions of the other pouches. The results of 
this analysis are shown in the table below. 
Table 5.1.6-4: Kruskal-Wallis test scenarios to compare for difference in microbe reductions 
between Brass pouch and other pouches 
Pouches Microorganism p-value 
Is the microbial reduction in any 
pouch statistically different 
from the other pouches? 
All pouches except Brass 
E. coli 0.278 NO 
MS2 0.289 NO 
All pouches including Brass pouch 
E. coli 0.014 YES 
MS2 0.016 YES 
 
As shown in Table 5.1.6-4, when the Brass pouch was not included in the analysis, no 
microbial reduction of any pouch was determined to be statistically different from the microbial 
reductions of the other pouches. However, when the Brass pouch was included in the analysis, a 
statistical difference was found. To determine if the Brass pouch was the statistically different 
pouch, a Tukey-Kramer HSD test was performed. The results indicated that E. coli reductions for 
the Brass pouch were statistically different than pouches 88-11-1 DI, 88-11-1 SUS, 88-11-1, 79-
20-1, and 49-49-1 (p-values = 0.003, 0.031, <0.001, 0.004, and 0.005, respectively. The MS2 
reductions for the Brass pouch were found to be statistically different from pouches 88-11-1 DI, 
88-11-1, 79-20-1, and 49-49-1 (p-values = 0.034, 0.001, 0.009, and 0.004, respectively). This 
indicates that the microbial performance of the Brass pouch was statistically different and poorer 
than that of the other pouches. 
A comparison was made between brass metal Ct values and log10 microbial reductions 
observed in individual trials to determine if variability in antimicrobial performance could be 
attributed to the variability in metals release by this pouch. This was done using multivariate 
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analysis testing for correlations between metal Ct values and log10 microbial reductions of the 
brass pouch for all trials, without respect to trial group. 
Table 5.1.6-5: Multivariate analysis testing association between metal Ct values and microbial 
log10 reductions for the Brass pouch over 7 trials 
Metal Ct 
values used 
Microorganism 
Correlation 
coefficient 
Lower 
95% 
Upper 
95% 
Is there a correlation between 
the metal Ct values and microbial 
reductions? 
Copper sterile 
filtered 
E. coli -0.849 -0.977 -0.267 YES 
MS2 -0.981 -0.997 -0.871 YES 
Copper 
unfiltered 
E. coli -0.744 -0.960 0.020 NO 
MS2 -0.808 -0.970 -0.139 YES 
Zinc sterile 
filtered 
E. coli 0.509 -0.396 0.912 NO 
MS2 0.129 -0.691 0.804 NO 
Zinc unfiltered 
E. coli 0.415 -0.492 0.890 NO 
MS2 0.003 -0.752 0.754 NO 
 
As shown in Table 5.1.6-5, statistically significant correlations were found for MS2 log10 
reductions with both dissolved and total copper Ct values. The E. coli reductions also correlated 
with dissolved copper. There was no statistically significant correlation found between E. coli 
and unfiltered copper Ct values, though the vast majority of the 95% confidence interval of the 
correlation coefficient was nonzero and negative. This suggests that antimicrobial performance 
for this pouch was associated with release of copper. It is likely that the inconsistent release of 
metals between individual trials contributed to the inconsistent microbial performance observed 
within and between trial groups. Factors that may have affected metal release between trials are 
explored later in this report. 
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5.2 Mixed model analysis of microbial inactivation to test for significant differences based on 
microbe type, citric acid pretreatment of pouches, pouch suspension, and pouch composition 
Baseline parametric analysis was performed for all pouches and trials that exhibited log-
linear inactivation kinetics. The analysis was performed as described in section 3.4.2. Analyses 
tested whether E. coli inactivation was significantly different from MS2 inactivation for each 
pouch over the 7 trials, if citric acid pretreatment of pouches led to increased microbial 
disinfection efficacy, whether a non-citric acid washed pouch had decreased microbial 
disinfection efficacy versus a citric acid washed pouch over a 7 week period, whether the 
suspension of a pouch affected microbial inactivation, and whether the granular metal 
composition of each pouch resulted in statistically different antimicrobial performances. 
 
5.2.1 Difference in E. coli and MS2 inactivation by the pouches over the 7 trials 
In order to test whether there was a difference in inactivation of E. coli and MS2, baseline 
parametric analysis compared inactivation of the microorganisms for each pouch that was 
deemed to fit log-linear modelling. The E. coli log-linear models were used as predictor 
variables, and MS2 data for each pouch were used as response variables for these baseline 
parametric analyses. 
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Table 5.2.1: Baseline Parametric Analysis for difference between E. coli and MS2 inactivation 
Pouch Predictor Response 
β 
parameter 
estimate 
Standard 
error 
SE low 
range 
SE high 
range 
Is there a significant 
difference between E. 
coli and MS2 
inactivation? 
88-
11-1 
DI 
E. coli MS2 -0.009 0.001 -0.011 -0.007 YES 
88-
11-1 
SUS 
E. coli MS2 -0.008 0.003 -0.017 0.001 NO 
88-
11-1 
E. coli MS2 -0.024 0.006 -0.042 -0.007 YES 
79-
20-1 
E. coli MS2 -0.021 0.004 -0.033 -0.009 YES 
49-
49-1 
E. coli MS2 -0.025 0.004 -0.038 -0.011 YES 
 
As shown in Table 5.2.1, for all pouches except for 88-11-1 SUS, MS2 inactivation was 
determined to be significantly different from and faster than E. coli inactivation. The upper limit 
of the β parameter confidence interval for pouch 88-11-1 SUS was very close to zero, though 
still positive, and the majority of the 9% confidence interval for pouch 88-11-1 SUS was 
negative. This indicates statistically insignificant increased rate of MS2 inactivation over E. coli 
bacteria. 
 
5.2.2 Differences in microbial inactivation due to citric acid pretreatment of pouches 
To determine whether citric acid washing statistically increased the antimicrobial 
performance of the pouches, a baseline parametric analysis was performed comparing trials in 
which citric acid washes were used to those in which citric acid washes were not used. Trial 
groups 1-4 were used as predictor variables and trial groups 5-7 for each pouch were used as 
response variables for these baseline parametric analyses. 
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Table 5.2.2: Baseline Parametric Analysis for difference between citric acid washed trials and 
non-citric acid washed trials 
Pouch Predictor Response 
Microorg
anism 
β parameter 
estimate 
Standard 
error 
SE low 
range 
SE high 
range 
Does citric 
acid 
washing 
make a 
statistically 
significant 
difference? 
88-
11-1 
DI 
Trials 1-4 Trials 5-7 
E. coli 0.009 0.003 -0.001 0.019 NO 
MS2 0.009 0.001 0.005 0.013 YES 
88-
11-1 
SUS 
Trials 1-4 Trials 5,7 
E. coli 0.012 0.004 -0.000 0.025 NO 
MS2 0.012 0.002 0.007 0.018 YES 
88-
11-1 
Trials 1-4 Trials 5-7 
E. coli 0.003 0.002 -0.002 0.007 NO 
MS2 0.029 0.001 0.026 0.032 YES 
79-
20-1 
Trials 1-4 Trials 5-7 
E. coli 0.004 0.004 -0.009 0.016 NO 
MS2 0.030 0.001 0.027 0.033 YES 
49-
49-1 
Trials 1-4 Trials 5-7 
E. coli 0.009 0.004 -0.005 0.023 NO 
MS2 0.031 0.002 0.025 0.037 YES 
 
As shown in Table 5.2.2, all pouches exhibited β parameter confidence intervals for E. 
coli that included a zero value. As such, the effect of citric acid washing could not be determined 
to be statistically significant for E. coli inactivation rates. Most of the 95% confidence interval 
for the β parameters for E. coli was positive for all pouches, however, which indicates a 
statistically insignificant tendency towards increased disinfection resulting from citric acid 
washing. The β parameters for MS2 for all the pouches were nonzero and negative, meaning that 
the citric acid washed trials exhibited statistically significant faster inactivation of MS2 than did 
the non-citric acid washed trials. 
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5.2.3 Difference in pouch antimicrobial performance due to the absence of any citric acid wash 
In order to gain insight into whether pouch performance would be affected by the lack of 
citric acid wash over 7 weeks, a baseline parametric analysis was conducted that compared the 
performance of pouch 88-11-1 DI which had no pretreatment over 7 weeks to the overall 
performance of pouch 88-11-1 which had citric acid pretreatment for 4 weeks and no 
pretreatment for 3 weeks. Pouch 88-11-1 with trials 1-7 was used as the predictor variable, and 
Pouch 88-11-1 DI with trials 1-7 was used as the response variable for this baseline parametric 
analysis. 
Table 5.2.3: Baseline parametric analysis between pouch 88-11-1 with citric acid pretreatment 
and pouch 88-11-1 DI with no citric acid pretreatment over 7 weeks. 
Predictor 
Pouch 
(Trials 1-
7) 
Response 
Pouch 
(Trials 1-
7) 
Microor
ganism 
β 
parameter 
estimate 
Std. 
error 
SE low 
range 
SE high 
range 
Does pretreatment 
make a statistically 
significant difference 
over 7 weeks? 
88-11-1 88-11-1 DI 
E. coli 0.006 0.003 -0.002 0.014 NO 
MS2 0.017 0.001 0.014 0.019 YES 
 
As seen in Table 5.2.3, the β parameter confidence interval for MS2 was nonzero and 
positive, indicating that pouch 88-11-1 exhibited faster inactivation of MS2 over the 7 weeks. 
The β parameter for E. coli was not nonzero and did not result in a statistically significant 
difference. However, most of the 95% confidence interval for this parameter lies above zero, 
which may be a statistically insignificant indication of increased disinfection efficacy in trials 
with the citric acid wash pretreatment. 
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5.2.4 Significance of pouch suspension on microbial inactivation 
One of the objectives of these experiments was to determine if suspending a pouch in the 
test waters resulted in increased antimicrobial performance. This hypothesis was tested with 
baseline parametric analysis comparing the suspending pouch 88-11-1 SUS to the non-suspended 
pouch 88-11-1. This allowed for comparison since these two pouches were subjected to the same 
experimental conditions and pretreatment scheme, and only differed by pouch suspension. Pouch 
88-11-1 with trials 1-7 was used as the predictor variable, and Pouch 88-11-1 SUS with trials 1-7 
was used as the response variable for this baseline parametric analysis. 
Table 5.2.4: Baseline parametric analysis testing for difference in microbial inactivation 
observed with pouch suspension 
Predictor 
Pouch 
(Trials 1-
7) 
Response 
Pouch 
(Trials 1-
5, 7) 
Microorganism 
β 
parameter 
estimate 
Std. 
error 
SE low 
range 
SE high 
range 
Does pouch 
suspension 
make a 
statistically 
significant 
difference? 
88-11-1 
88-11-1 
SUS 
E. coli 0.006 0.003 -0.005 0.016 NO 
MS2 0.019 0.003 0.010 0.027 YES 
 
As shown in Table 5.2.4, the β parameter for E. coli included a zero value and could not 
statistically differentiate the performance of the pouches here. The β parameter for MS2 
bacteriophage was nonzero and positive, which indicates that the inactivation rate of MS2 in the 
suspended pouch was slower than that of the non-suspended pouch. 
 
5.2.5 Significance of pouch composition on microbial inactivation 
To determine if the difference in granular metal composition of each pouch resulted in 
differences in the antimicrobial performance of each pouch, a baseline parametric analysis was 
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performed. Pouches 88-11-1, 79-20-1, and 49-49-1 were chosen for this comparison because 
they were subjected to the same experimental conditions and differed only by granular metal 
composition. Pouches 88-11-1 and 79-20-1 were used as predictor variables and compared to 
response variables of pouches 79-20-1 and 49-49-1. This allowed for direct comparison of the 
effect of pouch metal composition on potential antimicrobial activity. 
Table 5.2.5: Baseline parametric analysis to test for difference in microbial inactivation due to 
pouch metal composition 
Predictor 
Pouch 
(Trials 1-
7) 
Response 
Pouch 
(Trials 1-
7) 
Microorganism 
β 
parameter 
estimate 
Standard 
error 
SE low 
range 
SE high 
range 
Is one pouch 
statistically 
significantly 
better than the 
other? 
88-11-1 79-20-1 E. coli 0.004 0.005 -0.011 0.019 NO 
88-11-1 79-20-1 MS2 0.007 0.004 -0.005 0.019 NO 
88-11-1 49-49-1 E. coli 0.005 0.004 -0.007 0.018 NO 
88-11-1 49-49-1 MS2 0.004 0.004 -0.009 0.018 NO 
79-20-1 49-49-1 E. coli -0.003 0.004 -0.015 0.009 NO 
79-20-1 49-49-1 MS2 -0.006 0.004 -0.019 0.008 NO 
 
As shown in Table 5.2.5, the 95% confidence interval for all β parameters all included 
nonzero values. This indicates that none of the pouch performances are significantly different or 
better than the other pouch performances, and that there was not a statistically significant 
difference in pouch antimicrobial performance based on pouch granular metal composition. 
 
5.3 Matched pairs t-test comparison of metal Ct values for filtered and unfiltered samples 
It was not immediately clear from the ICP-MS results to what degree particulate metals 
might be present in the test waters in addition to dissolved metals, or whether the total metals 
present were considerably higher than dissolved metals present. A comparison between metal Ct 
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values of unfiltered samples and Ct values of sterile filtered samples was made to gain insight 
into the association between total metals and dissolved metals released by the pouches, a. A 
matched paired parametric t-test was used to test for significant differences between paired 
sterile filtered and unfiltered Ct values of all pouches and trials. The test was done separately for 
copper, zinc, and silver, retaining pairing between samples so as to eliminate confounding due to 
differences by pouch and trial. 
Table 5.3: Matched pairs t-test for difference between sterile filtered and unfiltered metal Ct 
values from all pouches and trials 
Metal 
Mean difference 
between filtered and 
unfiltered samples 
Upper 95% Lower 95% p-value 
Statistically significant 
difference between 
sterile filtered and 
unfiltered Ct values? 
Copper 1.03 1.31 0.75 <0.001 YES 
Zinc 43.02 59.92 26.12 <0.001 YES 
Silver 0.014 0.019 0.010 <0.001 YES 
 
As shown in Table 5.3, the unfiltered metal Ct values were found to be statistically 
significantly different and greater than the sterile filtered Ct values for copper, zinc, and silver. 
This indicates that a significant contribution to total metal concentration in the test waters was 
likely made by the presence of particulate metals. It is possible that metal particulates escaped 
from the pouches and that these particulates were taken up in certain samples which then 
influenced the results of ICP-MS analysis. Another possibility is that some of the dissolved 
metals that leached into the test waters may have precipitate out of solution. A third possibility is 
that some of the dissolved metals may have become associated with microbes present in the 
water samples and were filtered out along with the microbes during sterile filtering. If this were 
the case, these dissolved metals would appear to be particulates by the analyses done in this 
report. 
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5.4 Summary of Microbial Inactivation Kinetics of Different Metal Pouches 
Linear regression models were used to derive k values from the Chick-Watson model of 
first order kinetics, and then extrapolate pouch exposure time required for 99% reduction of E. 
coli bacteria and 99.9% inactivation of MS2 bacteriophage. A summary of these results are 
shown in the table below for each pouch over the seven trials. Values associated with pouch 
Brass, which was not adequately described by microbial inactivation kinetics, are shown as faded 
in the table. 
Table 5.4: Chick-Watson k parameters and times for target levels of microbial reductions E. coli 
and MS2s for the different metal pouches over seven trials 
Pouch Trials k-value E. coli k-value MS2 
t99% E. coli 
(hours) 
t99.9% MS2 (hours) 
88-11-1 
DI 
All 0.109 0.131 42.2 52.7 
88-11-1 
SUS 
All 0.092 0.114 50.0 60.4 
88-11-1 All 0.122 0.167 37.67 41.3 
79-20-1 All 0.103 0.145 44.6 47.6 
49-49-1 All 0.101 0.151 45.5 45.7 
Brass All 0.036 0.050 129.0 139.1 
 
As shown in Table 5.4, the time for target inactivation for both E. coli and MS2 is 
between 37-60 hours dependent on the pouch. Baseline parametric analyses of E. coli, 
inactivation in section 5.2 indicated that pouches 88-11-1 DI, 88-11-1 SUS, 88-11-1, 79-20-1, 
and 49-49-1 were not determined to be statistically different. Therefore, the time to target 
inactivation of E. coli for these pouches can be considered equivalent, ranging from around 38-
50 hours. The MS2 baseline parametric analyses concluded that pouches 88-11-1, 79-20-1, and 
49-49-1 were not statistically different from one another and so the time to inactivation for these 
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pouches should be considered to be in the range of 41-48 hours. The baseline parametric analysis 
of MS2 inactivation for pouch 88-11-1 SUS and pouch 88-11-1 DI determined that both were 
statistically different from and had slower rates of MS2 inactivation than pouch 88-11-1. This 
was reflected in the increased time to target levels of MS2 inactivation of 52.7 and 60.4 hours for 
pouch 88-11-1 DI and 88-11-1 SUS, respectively. 
 
5.5 Observations of associations between metal Ct values versus observed microbial 
reductions  
Below are figures depicting the combined calculated Ct values for each metal for all 
vessels with metal pouches in all experimental trials versus respective log10 reductions observed 
after 48 hours. Multivariate analysis was run to test for correlation between each metal and 
microbial reduction, and these results are presented in the tables. For multivariate analysis here, a 
negative correlation coefficient indicates a positive correlation between metal Ct values and 
microbial reductions. While all metals were present simultaneously in solution, these plots and 
tables still help demonstrate general trends between observed disinfection as log10 reductions and 
levels of each metal in solution over the contact time period, expressed as Ct values in mg*h/L. 
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Figure 5.5-1: Estimated sterile filtered copper Ct levels versus observed log10 microbial 
reductions after t=48 hours 
  
Figure 5.5-2: Estimated unfiltered copper Ct levels versus observed log10 microbial reductions 
after t=48 hours 
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Table 5.5-1: Multivariate analysis for correlation between copper and microbe reductions 
Metal Microorganism 
Correlation 
coefficient 
Lower 
95% 
Upper 
95% 
Is there a 
statistically 
significant 
correlation? 
Copper SF E. coli -0.672 -0.811 -0.464 YES 
Copper SF MS2 -0.794 -0.884 -0.646 YES 
Copper unfiltered E. coli -0.683 -0.817 -0.478 YES 
Copper unfiltered MS2 -0.709 -0.834 -0.517 YES 
 
As shown in Table 5.5-1, both sterile filtered and unfiltered copper Ct values correlate 
with observed log10 microbial reductions for E. coli and MS2. From further examination of the 
two figures, there appears to be a threshold level around 0.5 mg*h/L copper before appreciable 
microbial reduction is observed. The magnitude of disinfection observed for both E. coli and 
MS2 appears to begin to tail off or approach horizontal asymptotes as the Ct value increases 
beyond 2 mg*h/L, with about 3 log10 reduction of E. coli and about 4.5 log10 reduction of MS2. 
This suggests that there may be a finite limit on disinfection efficacy with respect to copper ion 
concentration. Overall, MS2 appears to be more susceptible than E. coli to metals disinfection in 
this system relative to copper Ct values, with maximum reductions of about 4.5 log10 for MS2 
and only about 3.0 log10 for E. coli. 
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Figure 5.5-3: Estimated sterile filtered zinc Ct levels as mg*h/L versus observed log10 microbial 
reductions after t=48 hours 
 
Figure 5.5-4: Estimated unfiltered zinc Ct levels as mg*h/L versus observed log10 microbial 
reductions after t=48 hours 
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Table 5.5-2: Multivariate analysis for correlation between zinc and microbe reductions 
Metal Microorganism 
Correlation 
coefficient 
Lower 
95% 
Upper 
95% 
Is there a 
statistically 
significant 
correlation? 
Zinc SF E. coli -0.099 -0.391 0.212 NO 
Zinc SF MS2 -0.241 -0.508 0.068 NO 
Zinc unfiltered E. coli -0.259 -0.525 0.053 NO 
Zinc unfiltered MS2 -0.208 -0.484 0.107 NO 
 
As shown in Table 5.5-2, there is not a significant correlation between zinc Ct values and 
log10 microbial reductions in this experimental system. This is reflected in the two figures, in 
which zinc Ct values from 0-300 mg*h/L appear to have little to no discernable effect on 
microbial reduction observed. 
 
Figure 5.5-5: Estimated sterile filtered silver Ct levels in mg*h/L versus observed log10 microbial 
reductions after t=48 hours 
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Figure 5.5-6: Estimated unfiltered silver Ct levels in mg*h/L versus observed log10 microbial 
reductions after t=48 hours 
 
Table 5.5-3: Multivariate analysis for correlation between silver and microbe reductions 
Metal Microorganism 
Correlation 
coefficient 
Lower 
95% 
Upper 
95% 
Is there a 
statistically 
significant 
correlation? 
Silver SF E. coli -0.475 -0.680 -0.200 YES 
Silver SF MS2 -0.412 -0.636 -0.123 YES 
Silver unfiltered E. coli -0.438 -0.655 -0.155 YES 
Silver unfiltered MS2 -0.378 -0.612 -0.084 YES 
 
As shown in Table 5.5-3, the silver Ct estimates correlate with observed microbial 
reduction at 48 hours for both sterile filtered and unfiltered samples. For E. coli log10 reductions 
range from none at the lowest levels to about 2-3 log10 at the higher levels but show retardant or 
declining levels of reduction with increased Ct value.  For MS2, log10 reductions range from 
none at the lowest levels to about 2.5 to 4.5 log10 at the higher levels but show retardant or 
declining levels of reduction with increased Ct value.  
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5.6 Observations of associations between pH and metal Ct values 
In order to determine whether pH influenced metal release by the pouches, the figures 
below compare the average pH of vessels to the dissolved and total metal concentrations in the 
vessels after 48 hours. The average pH was calculated as the average of the starting pH (at t=0) 
and the final pH (t=48 hours). The raw pH and metal data for the 88-11-1, 79-20-1, and 49-49-1 
pouches are shown combined, and the pH data for the Brass pouch is shown separate from these. 
Multivariate analyses were performed to determine if there was a statistically significant 
correlation between pH and each metal released. 
 
Figure 5.6-1: Sterile filtered copper Ct values versus average pH of vessels 
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Figure 5.6-2: Unfiltered copper Ct values versus average pH of vessels 
 
 
Figure 5.6-3: Sterile filtered zinc Ct values versus average pH of vessels 
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Figure 5.6-4: Unfiltered zinc Ct values versus average pH of vessels 
 
 
 
Figure 5.6-5: Sterile filtered silver Ct values versus average pH of vessels 
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Figure 5.6-6: Unfiltered silver Ct values versus average pH of vessels 
Table 5.6-1: Multivariate analysis to test for correlation between pH and metal Ct values over 7 
trials. 
Metal Factor 
Correlation 
coefficient 
Lower 
95% 
Upper 
95% 
Is there a 
correlation between 
average pH and 
metal Ct values? 
Copper SF pH -0.383 -0.616 -0.090 YES 
Copper 
unfiltered 
pH -0.275 -0.534 0.032 NO 
Zinc SF pH -0.572 -0.748 -0.321 YES 
Zinc 
unfiltered 
pH 0.089 -0.225 0.386 NO 
Silver SF pH -0.102 -0.394 0.209 NO 
Silver 
unfiltered 
pH 0.020 -0.286 0.322 NO 
 
As shown in Table 5.6-1, there is a statistically significant negative correlation between 
pH and dissolved copper Ct values in the near-neutral pH range. Similarly, there was a 
statistically significant negative correlation found between pH and dissolved zinc in this pH 
range. As pH can limit soluble species of metals present, this may be the reason for the observed 
correlations. By contrast, dissolved silver Ct values did not correlate with pH, though the pouch 
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system and ICP-MS analysis may not be sensitive enough to demonstrate clear trends at such 
low levels of silver. The unfiltered Ct values for each metal did not show any visually 
discernable trend with pH. There were no statistically significant correlations between pH and 
any of the total metal Ct values from unfiltered samples. 
For the Brass vessel, pH did not appear to have a clear effect on dissolved copper Ct 
values. This observation is statistically tested with multivariate analysis in the table below. 
Table 5.6-2: Multivariate analysis to test for correlation between pH and dissolved copper Ct 
values for the Brass pouch over 7 trials. 
Metal Ct values Factor tested 
Correlation 
coefficient 
Lower 
95% 
Upper 
95% 
Is there a correlation 
between pH and dissolved 
copper Ct values? 
Copper sterile filtered pH -0.102 -0.794 0.705 NO 
 
As shown in the results of Table 5.6-2, pH was not found to be correlated with dissolved 
copper Ct values for the Brass pouch. This suggests that inconsistencies in copper release by this 
pouch might be affected by other factors such as specific alloy properties of the brass or redox 
reactions that remove copper from solution to different degrees between trials, or other 
uncharacterized factors outside of experimental control. The Ct values of dissolved zinc from the 
Brass vessel were found to correlate with pH, however. 
 
5.7 Effect of pouch metal composition on metal release 
The metallic composition of each pouch could influence the quantity and relative 
proportions of copper, zinc, and silver ions that leach into water. To determine whether 
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differences in proportions of copper and zinc granules between pouches affected metal release 
into test waters, a series of nonparametric one way ANOVA analyses were done. 
Table 5.7: Kruskal-Wallis test for difference in metal Ct values due to pouch composition 
Pouches Metal Ct values used p-value 
Are metal Ct values from any pouch statistically 
different from the other pouches? 
88-11-1, 79-20-
1, 49-49-1 
Copper sterile filtered 0.291 NO 
Zinc sterile filtered 0.985 NO 
Silver sterile filtered 0.754 NO 
88-11-1, 79-20-
1, 49-49-1, 
Brass 
Copper sterile filtered 0.004 YES 
Zinc sterile filtered 0.909 NO 
Silver sterile filtered 0.022 YES 
88-11-1, 79-20-
1, 49-49-1 
Copper unfiltered 0.447 NO 
Zinc unfiltered 0.554 NO 
Silver unfiltered 0.382 NO 
88-11-1, 79-20-
1, 49-49-1, 
Brass 
Copper unfiltered 0.003 YES 
Zinc unfiltered 0.065 NO 
Silver unfiltered 0.005 YES 
 
As shown in Table 5.7, the Ct values of pouches 88-11-1, 79-20-1, and 49-49-1 are not 
statistically different from one another and it does not appear to be a significant difference in 
metal Ct values due to pouch metal composition for these pouches. When the Brass pouch was 
included, however, there was a significant difference found for copper and zinc Ct values. A 
Tukey-Kramer test determined that the Brass pouch had different copper Ct values than pouch 
88-11-1 (p-value = 0.024 for sterile filtered, 0.005 for unfiltered), and different silver Ct values 
than pouch 88-11-1 (p-value = 0.043 for unfiltered) and 79-20-1 (p-value = 0.005 for sterile 
filtered, 0.002 for unfiltered,). The difference observed in silver Ct values was expected, as silver 
was not an intended ingredient in the brass pouch. The observed difference in copper Ct values 
may indicate that metal releasing properties of the copper-zinc alloy granules present in the Brass 
pouch are different from the pure copper, zinc, and silver granules found in the other pouches. 
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6 SUMMARY OF RESULTS AND FINDINGS 
A summary of main findings from the results and data analysis of this study is provided 
below: 
1) Over 48 hours, pouches containing approximately 30g granular metals (comprised by 
mass of 50-90% pure copper granules, 10-50% pure zinc granules, 1% pure silver 
granules) achieved 2.1-2.5 and 3.0-3.5 log10 reductions of fecal indicators E. coli and 
MS2, respectively, in 4L stored drinking water under controlled laboratory conditions.  
2) Metal concentrations in test waters were below levels of health concern with <0.15 mg/L 
copper, <0.002 mg/L silver, and usually less than the 3mg/L taste threshold for zinc.  
3) E. coli was inactivated at a slower rate and less extensively than MS2 for pouches, with 
log-linear inactivation kinetics. 
4) No statistically significant differences in antimicrobial performance or metal release were 
found based on pouch composition. 
5) Pouch suspension in the test waters did not make a statistically significant improvement 
in antimicrobial performance than having the pouch lay on the bottom of the container. 
6) Citric acid wash pretreatment of pouches resulted in temporary but statistically 
significant improvement of antimicrobial performance. 
7) Microbial reduction was positively correlated with both copper and silver Concentration-
time values, but not for zinc. The extent to which different forms of the metals (dissolved, 
particulate, granular, or combination of forms) were responsible for disinfection is 
unclear and would require further investigation. 
8) There was a negative correlation between dissolved metals in test waters and pH over a 
pH range of 7.3-7.5, but no association found between pH and total metals in test waters. 
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7 DISCUSSION 
7.1 Granular metals as point-of-use metallic disinfectants 
A primary objective of this study was to characterize the potential for combined granular 
metals to be effective as point-of-use disinfectants of drinking water. There has been limited or 
nonexistent previous work evaluating the use of combined granular metals as disinfectants of 
drinking water, and this study’s evaluation of disinfection by granular metals adds to the existing 
understanding of metallic disinfection of drinking water and its overall potential as a point-of-use 
treatment technology.  
This study found that the combination of granular metals has potential to be antimicrobial 
in water and are promising overall as potential point-of-use drinking water treatment 
technologies. Over 48 hours, more than 2 log10 reductions in E. coli and 3 log10 reductions in 
MS2 were achieved by pouches containing granules of pure copper, zinc, and silver. However, 
this study was conducted under strictly controlled laboratory conditions and served primarily as a 
proof of concept for the use of granular metals in POU water treatment. Further laboratory and 
field studies would be needed before this technology could be fully recommended for 
implementation as a point-of-use treatment technology.  
 
7.2 Comparison of findings to previous work 
There have been a limited number of studies quantifying the antimicrobial effects of 
copper or zinc in drinking water, and even fewer examining the effects of the combined metals 
or presence of multiple metal forms. The results from this pouch study can be compared to 
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previous work on metallic disinfection of drinking water in order to better understand how 
different metals and metals forms in water differ in antimicrobial efficacy. Microbial reductions 
from this pouch study were compared to those from other studies on the basis of similar metal Ct 
values or metal concentrations, regardless of metal form present. Since copper and silver were 
found to be associated with antimicrobial performance in this study, comparisons of pouches and 
trial group results to previous work focused primarily on these two metals. 
 
7.2.1 Previous work on copper disinfection 
 Four past studies testing the effect of copper and combined copper and zinc against E. coli 
and MS2 are shown in Table 7.2 along with the comparable pouch and trial group results from 
this experiment. All four studies used E. coli in the log growth phase, whereas this pouch 
experiment used stationary phase E. coli bacteria. The listed studies were conducted with higher 
metals concentrations (0.15-2.0 mg/L) in a shorter time period (6-16 hours) than those used in 
the pouch experiments, so calculated metal Ct values were used to compare results of the 
previous studies to results of the pouch experiments. It should also be noted that the studies 
below, with the exception of Sudha et al (2009), examined metal inactivation by singular forms 
of each metal (ionic or nanoparticles), and did not have multiple forms of each metal present that 
could potentially contribute to disinfection. 
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Table 7.2: Pouch copper inactivation performance results compared to previous studies 
Study or pouch Metals present 
Calculated 
Ct 
(mg*h/L) 
E. coli 
Log10 
reduction 
MS2 Log10 
reduction 
Armstrong 2011 Copper ions 1.26 2.4 1.8 
88-11-1 DI trials 
1,2,3,4 
Copper ions 1.27 
2.4 2.9 
Zinc ions 21.05 
88-11-1 SUS 
trials 1,2,3,4 
Copper ions 1.30 
2.4 2.9 
Zinc ions 51.95 
Malone 2012 
Copper ions 1.01 
2.5 2.0 
Zinc ions 2.65 
88-11-1 DI all 
trials 
Copper ions 1.08 
2.2 2.7 
Zinc ions 21.05 
88-11-1 SUS all 
trials 
Copper ions 1.00 
1.9 2.4 
Zinc ions 38.78 
79-20-1 trials 
5,6,7 
Copper ions 1.11 
1.9 2.2 
Zinc ions 21.39 
Komandur 2013 
Copper oxide nanoparticles 5.13 
1.9 0.8 
Zinc oxide nanoparticles 9.84 
Sudha et al 2009 
Copper pot 6.83 >2.9 
N/A 
Copper coil 6.67 >2.9 
88-11-1 trials 
1,2,3,4 
Total Copper 4.07 
2.6 4.1 
Total Zinc 48.02 
49-49-1 trials 
1,2,3,4 
Total Copper 4.10 
2.4 3.8 
Total Zinc 80.96 
 
 The Armstrong study (2011) examined the antimicrobial properties of copper ions in a 
carbonate buffered water model of drinking water. The MS2 results from the pouch experiment 
show the pouches to achieve about 1 log10 greater disinfection than the Armstrong study results 
given the same calculated Ct values for copper. However, this difference could be due to either 
the co-presence of particulate metals or co-presence of multiple metals in the pouch system, 
which may have increased disinfection efficacy against MS2 bacteriophage. The E. coli log10 
reduction results appear to be similar, but the supposed more resilient stationary growth stage of 
the E. coli in the pouch studies (versus the supposed less resilient log phase E. coli in the 
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Armstrong study) may have been offset by the co-presence of multiple metals or metal forms in 
water from the pouches. 
 The Malone study (2012) examined the antimicrobial effects of combined copper and zinc 
ions in drinking water. The microbial results of the Armstrong study (2011) and the Malone 
study (2012) are comparable despite the co-presence of zinc in the Malone study, which may 
indicate that zinc was not found to be especially antimicrobial. The E. coli results of the Malone 
study appear to show more disinfection occurring than for the pouch experiment, but this may be 
due to the different growth stages in which the bacteria were tested. The Malone study tested log 
phase E. coli, whereas this pouch study tested against stationary phase E. coli which is thought to 
be more resilient to disinfection (WHO 2011b). With this taken into consideration, overall the E. 
coli and MS2 results likely agree between the Malone study and pouch results, and the microbial 
results of the Malone study are within the 95% confidence intervals of the corresponding pouch 
microbial results. 
 The Komandur study (2013) examined the antimicrobial effects of combined copper and zinc 
oxide nanoparticles in drinking water.  The MS2 results of the study show significantly less 
inactivation of MS2 by copper and zinc oxide nanoparticles than by total copper and zinc in the 
pouch system with comparable copper Ct values (log10 MS2 reduction 95% CI of 2.88-5.27 for 
88-11-1 trials 1-4 versus approximately 0.6-1.0 log10 reduction for metal nanoparticles). This 
difference in microbial reductions might be a result of the different proportions of copper and 
zinc Ct values between the Komandur study and this pouch study, or perhaps is a result of 
differences in the forms of the metals present in test waters. 
127 
 
 The Sudha et al study (2009) examined the antimicrobial effects of storing drinking water in 
copper pots or glass bottles lined with copper coil. In this study, there was the potential for 
contact disinfection with the surface of the copper pots or coils, as well as the leaching of copper 
into solution. Different ratios of copper surface area to volume of water were tested, and it was 
found that 15.2 cm
2
/liter water was the optimum ratio for disinfection. The study found that 16 
hours contact time with the copper pots and bottles lined with copper coil led to >2.5 log10 
reductions of E. coli, Salmonella Typhi, and Vibrio cholarae bacteria. Total copper 
concentrations in the waters were found to be below 0.475 mg/L after the 16 hours exposure 
time. The copper Ct values from the study are greater than the copper Ct values achieved in the 
pouch experiments, and the microbe reductions are higher as well. 
 
7.2.2 Previous work on silver disinfection 
 There have been several previous studies examining disinfection of drinking water by silver 
in its ionic form, organic form, as silver oxide nanoparticles, or as its zero-valent solid particle 
form (Chambers et al 1962, McDonnell & Russell 1999). Of the many studies published, most 
have found that dissolved silver is antimicrobial at levels near 0.1 mg/L, but there has been 
limited effectiveness observed from zero-valent silver (Russell & Hugo 1994, Butkus 2003). A 
study by Butkus et al (2003) found that by itself, the minimum inhibitory concentration of silver 
against E. coli was somewhere between 0.05-0.1 mg/L over periods of 24-72 hours. Other 
studies have reported bactericidal effects due to silver at levels as low as 0.04 mg/L (Chambers 
et al 1962, Ghandour et al 1988). However, in this pouch study, silver concentrations did not 
increase above 0.002 mg/L total silver or above 0.001 mg/L dissolved silver over 48 hours. This 
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represents more than an order of magnitude lower concentration of silver than the inhibitory 
concentrations of silver as demonstrated by previous work. As such, it is unlikely that silver in 
this study actually had much of an antimicrobial effect in water. It is possible that the observed 
correlation between dissolved silver Ct values and microbes reductions were an artifact of 
another factor that increased both dissolved copper and silver concentrations in water, such as 
the pH of the test waters. This is speculation, however; this study cannot statistically exclude 
silver as a significant source of disinfection in the granular metals pouch system. A future 
experiment could be conducted to better understand the role of silver in this system by 
examining the efficacy of pouches that contain copper, zinc, and silver to pouches containing 
only copper and zinc. 
 
7.2.3 Advantages of granular metals in water 
  This pouch study on granular metal contributes to the greater understanding of metals as 
POU disinfectants by testing a different form of the metals than had been previously 
characterized. From comparing this study to previous studies examining metallic disinfection, it 
appears that granular metals may contribute to the co-presence of multiple metals and metal 
forms in water that lead to equivalent or greater microbial reductions than individual forms of 
metals such as ions or nanoparticles. 
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7.3 Granular metal contribution of different metals and metal forms to disinfection 
 This study did not identify which metal (copper or silver) or metal form (dissolved or 
granules) were most responsible for disinfection. However, from previous work, it would appear 
that silver is unlikely to be the main antimicrobial agent in the pouches, since the levels of silver 
released were below any levels of silver previously found to be toxic to microbes. In terms of 
toxicity of different metal forms to microbes, it is thought that the dissolved forms of metals are 
the most bioavailable and most antimicrobial forms of the metals (Benjamin 2002). 
 Future work might more directly examine which individual metals are most antimicrobial as 
well as the degree to which dissolved metals versus granular particles are responsible for 
disinfection. A potential experiment to identify the granular metal or metals that are 
antimicrobial might be done by experiments that test disinfection efficacy with only copper 
granules, versus only zinc granules, versus only silver granules. Results from such an experiment 
would also give insight into potential for the improvement of antimicrobial activity by altering 
the pouch granular metal composition. To better understand the degree to which dissolved metal 
species versus granular particles are responsible for disinfection, an experiment could be 
conducted whereby pouches are left in water for a certain amount of time, then removed, and 
then the waters would be microbially contaminated and monitored for disinfection over time. If 
the level of disinfection was comparable to that of when the pouches were present with the 
microbes, the dissolved species are likely to be the antimicrobial forms of metal in the system. 
On the other hand, if significantly less disinfection occurs than when pouches are present in the 
water with microbes, it would be likely that contact disinfection plays an important role in 
microbial inactivation by granular metals in water. 
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7.4 Granular composition of the pouches and disinfection 
Pouches found to be antimicrobial in this study were composed of pure copper, zinc and 
silver macroparticles or granules. These pouches differed in their proportions of copper and zinc, 
but there was not a significant difference observed between any of them in terms of antimicrobial 
performance or metals release. However, these pouches were only tested across 7 trials, so there 
would likely not be enough statistical power to find small differences between the pouch 
performances even if one were present. It is possible that more replicate trials would reveal a 
statistically significant difference, or at least provide a better understanding of the relationship 
between pouch composition and antimicrobial performance or release of each metal into the 
waters. It is also possible that there might simply need to be a greater difference in the 
proportions or amounts of each metal in the pouches for any significant difference to be 
observed. Future experiments to answer these questions would help determine if pouch 
performance could be improved by altering the granular metal composition of the pouches. 
 
7.5 Citric acid pretreatment and disinfection 
This study found that short term antimicrobial performance of granular metals was 
improved with acid pretreatment. It is likely that the citric acid pretreatment removed oxides that 
had accumulated on the granular metal surface during open air storage between experiments. The 
oxides may have inhibited the ability of the granular metals to leach metal into the water or to 
physically contact and disinfect microbes, and acid pretreatment removed these oxides to some 
extent. However, this study found the effects of citric acid pretreatment appeared to be short 
lived, as a decline in antimicrobial performance of the pouches was observed within 2-3 weeks 
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without pretreatment of the pouches. The pouch that was not acid washed at all did still have 
some degree of antimicrobial activity, but the performance of this pouch was not as effective as 
the pouches that had been acid washed prior to use. 
 
7.6 Implications for stored drinking water disinfection 
 An objective of this experiment was to consider the potential for use of the pouches as POU 
disinfectants of stored drinking water. To be an effective POU treatment technology, the pouches 
need to inactivate microbial contaminants in untreated water so it is safe to drink, should not 
chemically contaminate the water with excessive levels of metals, and should be effective in 
different environmental conditions and various water qualities. Effective implementation and use 
of the pouches would also require that they are practical in terms of convenience, ease-of-use, 
maintenance, affordability, and availability. 
 
7.6.1 Microbial WHO performance targets 
 The WHO has certain antimicrobial performance targets that must be met in order to consider 
a point-of-use treatment technology adequate for drinking water treatment. These performance 
requirements are described in the table below. 
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Table 7.6.1: W.H.O. antimicrobial performance targets (WHO 2011b)
 
 
 All pouches except for Brass met the protective level for bacteria and viruses after about 35-
45 hours under the provided experimental conditions.  This means that storage of water for 
approximately 2 days with exposure to the pouches would be required to disinfect drinking water 
to a ‘protective level’ of bacteria and viruses using the test conditions employed (Table 7.6.1).  
 The microbial results from this experiment serve mainly as a proof of concept for the 
antimicrobial potential of the pouches containing granular metals. However, a 48 hour storage 
period to treat 4 liters of water would not realistically satisfy consumer needs. A 24 hour or less 
storage period and the ability to treat larger volumes of water would be preferable to encourage 
consumers to adopt such a technology. The 24 hour log10 reduction values for E. coli and MS2 
were around 1.4-1.5 and 1.9-2.3, respectively, for pouches 88-11-1, 79-20-1, and 49-49-1. These 
log reduction values do not meet the WHO antimicrobial performance targets.  
 Future research with the pouches should be conducted to test if the pouch design can be 
altered such that (1) WHO performance targets are met within 24 hours and (2) larger volumes of 
water can be treated at one time. One option to shorten the required storage time could be to use 
more granular material per unit volume of water in order to increase the amount of copper 
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released into test waters over a 24 hour storage period. A study by Sudha et al (2009) found that 
15.2 cm
2
 copper per liter water was the optimum ratio for disinfection, so it might be advisable 
to increase the granular copper in the pouches to reach this ratio of surface area to water volume. 
Another research possibility is to test whether there is a readily available alternative to citric acid 
pretreatment of the pouches that improves antimicrobial performance of pouches and maintains 
increased performance over longer periods of time than the citric acid pretreatment. Additionally, 
future research should examine the extent to which the pouch system can be effectively scaled up 
to larger volumes of water, such as 20 liters, that would be more useful to consumers. 
 
7.6.2 Health effects of metals in drinking water from the pouches 
 The metal concentrations of copper and silver in water found in this study were typically far 
below levels of health concern, while still being antimicrobial. The concentrations of zinc were 
typically higher than copper or silver, and even though zinc did not appear to be antimicrobial, 
the presence of zinc in this system may actually provide a beneficial effect in terms of treatment 
for diarrheal disease. Zinc is used as a therapeutic agent in diarrheal treatment that has been 
found to reduce the duration and severity of diarrhea in humans at doses of 10-20mg per day 
(Lamberti et al 2013). Although these doses are likely higher than what would be consumed in 
pouch-treated water, the presence of zinc in the water may still have beneficial health effects in 
treatment of diarrheal disease. 
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7.6. 3 Sensitivity of the pouch system to environmental and water quality conditions 
 Several factors could influence the performance of the pouch system under non-laboratory 
controlled conditions in the field. Though factors such as metal composition of pouches, pouch 
storage conditions, and test water pH were examined to a certain degree in these experiments, 
there are several more factors relevant to water quality and microbial properties that can affect 
pouch performance. Water quality factors include pH, temperature, light, turbidity and 
suspended particulates or organics among other things. Microbial factors influencing resilience 
to disinfection include microbial type, species, source, and disinfectant, the physiological state of 
the microbe, and the potential for microbial aggregates to form. These factors are discussed 
below with regard to how they might affect the performance of the pouch system. It would be 
advisable for further experimentation with the pouches to test disinfection efficacy and metal 
release under varying environmental and water quality conditions such as those listed here. 
 
7.6.3.1 pH 
 The pH of water is likely a factor in the extent of metal dissolution and speciation and thus 
antimicrobial efficacy of the pouches. The pouch system tested here was tested at somewhat 
neutral pH conditions. However, the pH of waters around the world can vary greatly, and it is 
important to recognize and understand the degree to which pH would likely influence the 
performance of the pouches. Waters with a higher pH (towards pH 8 or 8.5) would likely limit 
the ability of metal ions to dissolve from the pouches into drinking water, thus reducing the 
disinfection efficacy of the pouches. On the other hand, waters with lower pH (towards pH 6.5) 
would likely encourage more metal ion dissolution, but might increase the total metal content 
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above the recommended levels in drinking water. This could lead to unsafe water due to copper 
content above 2 mg/L, or more likely increased zinc above 3 mg/L that would deter consumption 
of the water based on taste. Future research with granular metals should examine disinfection 
efficacy across a wider range pH values, such as between pH 6.5 and 8.5. 
 
7.6.3.2 Temperature 
 In this experiment, the pouches were tested in waters at room temperature (20
o
C). 
Temperature affects the rates at which chemical and biological processes occur, and could be a 
factor in the efficacy of metallic disinfection in this pouch system. Higher or lower temperatures 
may result in increased or decreased rate of disinfection, due to the increased or decreased 
energy present in the system. The degree to which temperature would affect metallic disinfection 
is in part dependent on the mechanism of disinfection. For example, if the disinfection 
mechanism involved disruption of metabolic processes in bacteria, colder temperatures would 
lead to slower metabolic rates in bacteria and in turn a slower rate of disinfection. 
 
7.6.3.3 Light 
 Pouches were exposed to minimal UV light during the experiment. The containers used for 
testing the pouches were opaque polypropylene containers, were exposed to ambient fluorescent 
lighting (with UV spectrum filtered out) for 12 hours per day, and the other 12 hours they were 
not exposed to light at all. The presence of UV radiation or intense light could alter the chemical 
and biological processes occurring in this pouch system. Through photo-Fenton reactions, metal 
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ions may help facilitate the production of reactive oxygen species (ROS) in water that then 
induce microbial damage. Light at certain intensities and wavelengths can also cause damage to 
microbes through nucleic acid or cellular damage and other means of ROS generation, , as has 
been demonstrated with solar-disinfection technologies. The presence of sunlight or UV 
radiation would likely enhance the antimicrobial effectiveness of the pouch system. 
 
7.6.3.4 Turbidity, suspended particulates, and organics 
 The pouches were tested using buffered test water in this experiment that was not turbid or 
supplemented with other organic matter. However, in the field there is the potential for turbidity 
and suspended particulates in water to negatively affect the performance of the metal pouch 
system. Suspended particulates can exert an oxidant demand on the disinfectant, and can shield 
adsorbed microbes from both disinfectants and other harmful factors such as UV light. 
Additionally, suspended particulates can potentially cover the granular surface area and reduce 
the potential for ions to dissolve into the water. Organics in the water can chelate or complex or 
otherwise bind to metal ion species and reduce the bioavailability of the metals to the microbes. 
 
7.6.3.5 Microbial type, species, strain, source, and disinfectant used 
 Microbial presence or persistence in the environment and resilience to disinfection can differ 
by microbial type, species, strain, source, or specific disinfectant. For example, it is generally 
thought that protozoan parasites and bacterial spores are more resistant to disinfection than 
viruses, and viruses more resistant than vegetative bacteria. Within each microbe type, resistance 
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to disinfection among species and strains is varied and changes according to the disinfecting 
agent used. Environmentally sourced microbes can also have different resistances to disinfection 
than lab grown microbes of the same species. Though lab-grown indicator organisms E. coli 
KO11 bacteria and MS2 bacteriophage were used for testing in this experiment, microbes found 
in real world waters could be more or less resistant to disinfection by the pouches. It would also 
be advisable for future research on the pouch antimicrobial performance to test against a 
protozoan indicator organism. 
 
7.6.3.6 Physiological state of microbe 
 The physiological state of a microbe can greatly affect its persistence in the environment and 
its resilience to disinfection technologies. For example, in laboratory studies, E. coli bacteria 
grown to log phase are typically less resilient to disinfection than are those that are grown to 
stationary phase (WHO 2011b). Also, certain bacteria and protozoa may form spores or cysts 
that are much hardier and resistant forms of the bacteria or protozoa. The laboratory study here 
examined disinfection of E. coli at the stationary growth phase, with the intent that this would 
make it a more resilient bacterial indicator organism than log growth phase cells. 
 
7.6.3.7 Microbial aggregation 
 Microbial aggregation (when microbes form in protective clusters around each other) can 
affect the ability of disinfectants to target the microbes. When aggregates form, the inner 
microbes may be shielded from the disinfectant by the outer microbes, similar to the way in 
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which microbes adsorbed to suspended particulates may be shielded. This makes disinfection of 
the inner microbes much more difficult. It would be advisable for future testing of the pouches as 
POU technologies to test for differences in antimicrobial performance against aggregated and 
non-aggregated microbes. 
 
7.6.4 Practicality of pouches for users 
 No matter how antimicrobially effective a POU technology is, it must fit in with the target 
user’s daily behaviors in order to be adopted and be effective in reducing waterborne diseases. In 
other words, it must be acceptable and practical for the user, which means it must be convenient, 
easy to use and maintain, affordable, and readily available. The practicality of the pouches as 
POU disinfectants of stored drinking water is discussed below. 
 
7.6.4.1 Convenience and ease-of-use 
 Though the pouches appear to be able to disinfect drinking water to a ‘protective’ level, it 
takes between 35-50 hours to reach that level of protection. This is a rather long period of time 
for someone to have to wait to drink their water, and would necessitate multiple storage 
containers and pouches in order to ensure that a consumer could have a consistent supply of safe 
drinking water. However, if the pouches were used to treat larger volumes of water than 4 liters 
at a time, it would greatly increase the usefulness of the pouches. This would require further 
experimentation to determine if treatment of larger volumes of water is a plausible and practical 
option. 
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 Despite the time requirement associated with the use of the pouches to disinfect stored 
drinking water, the pouches do have certain benefits in terms of practicality. The pouches are 
simple to use and would require minimal prior knowledge or instructions. They also do not 
require large equipment; as a user would only need water storage containers, which they would 
likely already have. Additionally, the amount of granular material present in each pouch is likely 
enough for the pouch to be reused over very long periods of time. 
 
7.6.4.2 Pouch maintenance 
As previously mentioned, the antimicrobial performance of the pouches in water was 
temporarily improved by citric acid pretreatment prior to use, but declined significantly without 
it within a period of a few weeks. This should be taken into account for the practical 
implementation of granular metals as point-of-use disinfectants. A consumer would have to 
consistently pretreat pouches with acid in order to achieve the higher levels of antimicrobial 
performance found in this study.  
 
7.6.4.3 Affordability and Access 
 A large concern for the effective implementation of POU technologies is the cost 
per use of the POU technology. The pouches tested in this experiment would be very cheap to 
make and maintain. In fact, copper and zinc, which are the main constituents of the pouches, 
each generally cost under $10.00 per kilogram. Silver is much more expensive, but comprises 
only about 1% of each pouch. Considering that the pouches only have about 30g metals total and 
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have potentially long lifetimes, pouches are not likely to be expensive or represent a large 
portion of a consumer’s income on a per use basis. There is also the opportunity for such 
pouches to be made from locally sourced metals, which would reduce transportation costs and 
provide a more sustainable supply to surrounding areas. Metals are often locally available, but 
even if they are not, there might not have to be a constant supply of pouches to replace since the 
pouches could last for long periods of time. In terms of pouch maintenance, citric acid may not 
be available in all geographic areas, but some kind of suitable acid (such as acetic acid) would 
likely be locally available.  
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8 CONCLUSIONS 
1) Though some drawbacks exist, granular metals are promising as a potential point-of-use 
treatment technology for stored drinking water, overall. 
2) Further laboratory experiments should be conducted on granular metals that test the 
potential to increase microbial inactivation rate, scales up treatment to larger volumes of 
water, and tests the effects of various environmental and water quality conditions on 
antimicrobial performance. 
3) If the proposed laboratory studies continue to show antimicrobial efficacy of the granular 
metals, subsequent field studies should be conducted that evaluate diarrheal reduction due 
to use of the pouches. 
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8 APPENDIX 
Please note that pouch notation is different than in the technical report. These differences 
in notation are summarized in the table below 
Pouch Notation in 
technical report 
Equivalent pouch notation 
in appendix 
Description 
88-11-1 DI 1A DI Pouch 1A rinsed with deionized water (DI) 
88-11-1 SUS 1A CS Pouch 1A suspended off the bottom of 
container (CS) 
88-11-1 1A C Pouch 1A 
79-20-1 2A C Pouch 2A 
49-49-1 3A C Pouch 3A 
Brass Brass C Pouch made of Brass KDF55 granules 
 
Composition of Pouches 1A, 2A, and 3A 
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Example of microbial anslysis: conversion from microbes/mL to log10 reduction values 
Trial 1 – E. coli results summary 
 
  
 
 
 
CFU's per mL
Time Control 1A DI 1A Citric Suspended 1A Citric 2A 3A Brass
0 1.87E+05 1.94E+05 1.86E+05 1.89E+05 1.96E+05 2.01E+05 1.63E+05
6 1.04E+05 1.46E+05 9.03E+04 7.60E+04 9.90E+03 1.35E+04 1.11E+05
24 5.60E+04 1.97E+03 4.43E+03 3.70E+03 5.00E+02 1.29E+03 7.67E+04
48 5.33E+04 1.23E+02 1.73E+02 3.67E+02 1.00E+02 1.43E+02 2.93E+04
Log10 CFU/mL
Time Control 1A DI 1A Citric Suspended 1A Citric 2A 3A Brass
0 5.27 5.29 5.27 5.28 5.29 5.30 5.21
6 5.02 5.17 4.96 4.88 4.00 4.13 5.05
24 4.75 3.29 3.65 3.57 2.70 3.11 4.88
48 4.73 2.09 2.24 2.56 2.00 2.16 4.47
Log10 Nt/N0
Time Control 1A DI 1A Citric Suspended 1A Citric 2A Citric 3A Citric Brass Citric
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -0.26 -0.12 -0.31 -0.39 -1.30 -1.17 -0.17
24 -0.52 -1.99 -1.62 -1.71 -2.59 -2.19 -0.33
48 -0.55 -3.20 -3.03 -2.71 -3.29 -3.15 -0.74
Log10 Nt/Nc
Time Control 1A DI 1A Citric Suspended 1A Citric 2A Citric 3A Citric Brass Citric
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.00 0.14 -0.06 -0.14 -1.04 -0.91 0.09
24 0.00 -1.47 -1.10 -1.18 -2.07 -1.67 0.20
48 0.00 -2.65 -2.49 -2.17 -2.75 -2.60 -0.20
144 
 
Summary of Microbial results organized by vessel 
 
Control Vessel (no pouch present) Trials 1-7 
 
 
 
 
 
 
 
 
 
 
 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -0.26 0.00 0.08 0.24 0.01 0.06 0.05 6 -0.01 0.31 0.30 0.08 0.02 0.20 0.04
24 -0.52 1.07 0.92 0.92 0.98 1.00 0.95 24 -0.11 0.69 0.58 0.20 0.19 0.19 0.32
48 -0.55 1.13 1.01 0.94 1.03 1.11 0.96 48 -0.14 0.79 0.68 0.53 0.55 0.13 0.42
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 24 0.00 0.00 0.00 0.00 0.00 0.00 0.00
48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 48 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Log10(Nt/N0)
Log10(Nt/Nc)
Control Vessel E.coli KO11 Summary Control Vessel MS2 Summary
Log10(Nt/N0)
Log10(Nt/Nc)
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Vessel 1A DI Trials 1-7 
 
 
 
 
 
 
 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -0.12 -0.14 -0.08 -0.12 -0.15 -0.12 -0.07 6 -0.04 0.00 -0.06 -0.59 -0.04 -0.24 -0.04
24 -1.99 -0.21 -0.49 -0.27 -0.34 -0.32 -0.22 24 -0.97 -0.82 -0.65 -1.71 -1.07 -1.13 -0.91
48 -3.20 -1.44 -1.15 -1.15 -0.54 -1.11 -1.04 48 -2.59 -2.25 -2.22 -2.69 -1.56 -2.51 -2.21
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.14 -0.14 -0.16 -0.37 -0.16 -0.18 -0.12 6 -0.03 -0.32 -0.36 -0.67 -0.06 -0.43 -0.08
24 -1.47 -1.28 -1.41 -1.19 -1.33 -1.32 -1.17 24 -0.86 -1.51 -1.23 -1.91 -1.26 -1.32 -1.24
48 -2.65 -2.57 -2.16 -2.09 -1.58 -2.22 -2.00 48 -2.45 -3.03 -2.90 -3.22 -2.11 -2.63 -2.63
Log10(Nt/Nc) Log10(Nt/Nc)
1A DI E.coli KO11 Summary 1A DI MS2 Summary
Log10(Nt/N0) Log10(Nt/N0)
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Vessel 1A CS Trials 1-7 
 
 
 
 
 
 
 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -0.31 -0.38 -0.12 -0.16 -0.25 -0.10 -0.17 6 0.02 -0.03 -0.10 0.03 -0.07 -0.02 -0.12
24 -1.62 -0.78 -0.76 -0.37 -0.30 0.76 -0.30 24 -0.97 -0.43 -0.77 -0.91 -0.68 -0.15 -1.10
48 -3.03 -1.67 -1.10 -1.19 -0.57 0.86 -0.81 48 -2.57 -3.12 -2.08 -1.93 -1.71 -0.13 -2.02
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -0.06 -0.38 -0.19 -0.40 -0.26 -0.15 -0.22 6 0.03 -0.34 -0.39 -0.05 -0.09 -0.21 -0.16
24 -1.10 -1.85 -1.68 -1.29 -1.28 -0.24 -1.24 24 -0.86 -1.12 -1.35 -1.11 -0.87 -0.34 -1.42
48 -2.49 -2.80 -2.10 -2.13 -1.60 -0.25 -1.76 48 -2.42 -3.90 -2.76 -2.45 -2.25 -0.26 -2.44
Log10(Nt/Nc) Log10(Nt/Nc)
1A CS E.coli KO11 Summary 1A CS MS2 Summary
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Vessel 1A C Trials 1-7 
 
 
 
 
 
 
 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -0.39 -0.51 -0.19 -0.38 -0.18 -0.31 -0.17 6 -0.21 -0.45 -0.68 -0.99 -0.23 -0.45 -0.26
24 -1.71 -0.61 -0.33 -0.57 -0.19 -0.68 -0.28 24 -2.18 -2.24 -2.95 -3.08 -0.62 -1.60 -1.30
48 -2.71 -1.23 -2.00 -2.01 -1.30 -1.63 -1.26 48 -3.33 -3.52 -3.88 -3.72 -1.94 -2.56 -2.45
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -0.14 -0.50 -0.27 -0.62 -0.19 -0.37 -0.22 6 -0.20 -0.76 -0.97 -1.07 -0.24 -0.64 -0.31
24 -1.18 -1.68 -1.25 -1.49 -1.17 -1.67 -1.23 24 -2.07 -2.93 -3.53 -3.28 -0.81 -1.79 -1.63
48 -2.17 -2.36 -3.00 -2.95 -2.33 -2.74 -2.21 48 -3.18 -4.31 -4.56 -4.25 -2.48 -2.69 -2.87
Log10(Nt/Nc) Log10(Nt/Nc)
1A C E.coli KO11 Summary 1A C MS2 Summary
Log10(Nt/N0) Log10(Nt/N0)
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Vessel 2A C Trials 1-7 
 
 
 
 
 
 
 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -1.30 -0.49 -0.24 -0.12 -0.23 -0.40 -0.22 6 -0.41 -0.30 -0.09 -0.57 -0.04 -0.48 -0.12
24 -2.59 -0.80 -0.46 -0.36 -0.32 -0.60 -0.29 24 -3.79 -1.49 -1.00 -1.97 -0.55 -1.68 -0.66
48 -3.29 -1.34 -1.07 -1.12 -0.37 -1.32 -1.05 48 -4.79 -2.54 -2.14 -3.02 -1.27 -2.47 -1.72
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -1.04 -0.49 -0.32 -0.36 -0.24 -0.45 -0.27 6 -0.40 -0.61 -0.38 -0.65 -0.05 -0.68 -0.16
24 -2.07 -1.88 -1.38 -1.28 -1.30 -1.60 -1.23 24 -3.68 -2.18 -1.58 -2.17 -0.74 -1.87 -0.98
48 -2.75 -2.47 -2.07 -2.06 -1.40 -2.42 -2.01 48 -4.65 -3.33 -2.82 -3.55 -1.81 -2.59 -2.14
Log10(Nt/Nc) Log10(Nt/Nc)
2A C E.coli KO11 Summary 2A C MS2 Summary
Log10(Nt/N0) Log10(Nt/N0)
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Vessel 3A C Trials 1-7 
 
 
 
 
 
 
 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -1.17 -0.20 -0.27 -0.49 -0.18 -0.25 -0.30 6 -0.34 -0.03 -0.33 -1.25 -0.09 -0.06 -0.11
24 -2.19 -0.34 -0.38 -0.70 -0.29 -0.38 -0.38 24 -2.10 -0.86 -2.59 -3.21 -0.54 -1.71 -0.87
48 -3.15 -0.67 -1.48 -1.87 -0.40 -0.80 -0.92 48 -3.42 -2.22 -3.75 -3.79 -1.79 -2.09 -1.79
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -0.91 -0.20 -0.35 -0.73 -0.19 -0.30 -0.35 6 -0.33 -0.34 -0.62 -1.34 -0.10 -0.26 -0.15
24 -1.67 -1.41 -1.30 -1.62 -1.27 -1.38 -1.33 24 -1.99 -1.55 -3.17 -3.41 -0.74 -1.90 -1.20
48 -2.60 -1.80 -2.49 -2.81 -1.44 -1.91 -1.87 48 -3.27 -3.00 -4.43 -4.32 -2.34 -2.22 -2.21
Log10(Nt/Nc) Log10(Nt/Nc)
3A C E.coli KO11 Summary 3A C MS2 Summary
Log10(Nt/N0) Log10(Nt/N0)
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Vessel Brass C Trials 1-7 
 
 
 
 
 
 
 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 -0.17 0.00 0.38 0.14 -0.14 -0.30 0.04 6 -0.03 -0.16 0.21 0.09 -0.20 -0.30 -0.05
24 -0.33 -0.24 1.58 1.57 -0.25 -0.26 0.66 24 -0.06 -0.79 0.52 0.32 -0.41 -0.95 0.34
48 -0.74 -0.51 1.72 1.64 -1.15 -0.57 0.23 48 -0.12 -1.60 0.49 0.47 -2.05 -2.26 0.47
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.09 0.00 0.30 -0.10 -0.15 -0.35 -0.01 6 -0.02 -0.47 -0.09 0.01 -0.21 -0.50 -0.09
24 0.20 -1.31 0.66 0.65 -1.23 -1.26 -0.29 24 0.05 -1.48 -0.06 0.12 -0.60 -1.14 0.02
48 -0.20 -1.64 0.71 0.70 -2.18 -1.67 -0.73 48 0.02 -2.39 -0.19 -0.06 -2.59 -2.39 0.05
Log10(Nt/Nc) Log10(Nt/Nc)
Brass C E.coli KO11 Summary Brass C MS2 Summary
Log10(Nt/N0) Log10(Nt/N0)
-1.50
-1.00
-0.50
0.00
0.50
1.00
1.50
2.00
0 10 20 30 40 50 60Lo
g1
0
(N
t/
N
0
)
Contact Time (hours)
Brass C E.coli Log10(Nt/N0)
Trial 1
Trial 2
Trial 3
Trial 4
Trial 5
Trial 6
Trial 7
-2.50
-2.00
-1.50
-1.00
-0.50
0.00
0.50
1.00
0 10 20 30 40 50 60
Lo
g1
0
(N
t/
N
c)
Contact Time (hours)
Brass C E.coli Log10(Nt/Nc)
Trial 1
Trial 2
Trial 3
Trial 4
Trial 5
Trial 6
Trial 7
-2.50
-2.00
-1.50
-1.00
-0.50
0.00
0.50
1.00
0 10 20 30 40 50 60
Lo
g1
0
(N
t/
N
0
)
Contact Time (hours)
Brass C MS2 Log10(Nt/N0)
Trial 1
Trial 2
Trial 3
Trial 4
Trial 5
Trial 6
Trial 7
-3.00
-2.50
-2.00
-1.50
-1.00
-0.50
0.00
0.50
0 10 20 30 40 50 60
Lo
g1
0
(N
t/
N
c)
Contact Time (hours)
Brass C MS2 Log10(Nt/Nc)
Trial 1
Trial 2
Trial 3
Trial 4
Trial 5
Trial 6
Trial 7
151 
 
Summary of ICP-MS Results organized by vessel 
Vessel 1A DI Trials 1-7 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 3.85 0.11 0.13 0.14 0.00 0.00 0.00 0 6.90 0.13 0.11 0.14 0.00 0.00 0.00
1 12.84 19.11 13.13 19.93 1.91 11.49 8.32 1 17.53 50.48 22.91 36.30 9.40 25.90 21.39
6 22.42 23.48 17.01 23.59 6.91 15.80 19.11 6 64.48 38.53 28.05 31.89 13.90 31.41 43.78
48 38.64 40.45 26.96 29.61 16.23 26.39 26.76 48 55.83 101.35 51.94 38.62 25.49 67.68 51.62
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 70.76 9.93 21.03 8.98 13.76 3.77 4.38 0 143.85 5.38 9.82 7.31 3.52 2.12 12.38
1 124.55 257.17 234.68 387.78 98.43 421.33 311.99 1 174.76 999.49 517.82 1053.70 230.80 1356.00 1459.81
6 242.10 301.20 309.34 461.60 209.22 568.61 612.30 6 278.77 930.09 681.32 716.43 586.30 1601.03 2612.48
48 600.08 598.98 625.02 568.98 469.59 491.99 370.29 48 788.86 1639.58 1347.24 972.62 859.86 3497.44 2874.33
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 16.64 16.24 11.05 20.92 0.51 0.96 0.54 0 50.53 21.23 14.13 21.84 1.44 6.85 1.28
1 165.52 79.96 176.23 232.51 2.82 27.39 23.77 1 1035.35 413.35 1140.73 1219.76 28.50 170.71 150.77
6 300.80 82.31 222.92 267.05 9.71 41.77 89.13 6 1115.86 418.34 1373.74 1318.14 91.75 335.16 645.67
48 709.61 160.06 389.78 325.96 29.31 87.59 125.66 48 1664.65 494.45 1075.23 1027.79 178.48 321.29 335.73
Silver (ppt) Silver (ppt)
1A DI Metals SF Summary 1A DI Metals Unfiltered Summary
Copper (ppb) Copper (ppb)
Zinc (ppb) Zinc (ppb)
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Vessel 1A CS Trials 1-7 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 3.85 0.11 0.13 0.14 0.00 0.00 0.00 0 6.90 0.13 0.11 0.14 0.00 0.00 0.00
1 16.57 15.26 7.67 10.30 8.26 3.16 18.41 1 21.83 20.62 13.26 18.87 13.31 5.62 40.07
6 19.14 28.65 16.98 14.76 10.47 4.72 20.55 6 24.91 36.41 23.55 23.76 14.68 6.96 24.74
48 34.17 54.02 32.42 29.88 14.31 8.53 19.12 48 35.63 61.73 38.98 38.72 19.79 11.32 28.01
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 70.76 9.93 21.03 8.98 13.76 3.77 4.38 0 143.85 5.38 9.82 7.31 3.52 2.12 12.38
1 146.73 874.03 1145.95 1418.77 365.98 67.69 398.18 1 151.64 1127.86 1161.91 1508.73 577.24 217.37 1502.18
6 165.34 1026.74 1316.62 1503.70 454.62 171.57 570.40 6 176.30 1315.47 1407.52 1570.87 508.30 227.50 709.97
48 457.01 1297.88 1474.45 1660.81 606.94 375.67 590.85 48 411.22 1629.88 1661.08 1780.18 718.41 472.60 775.52
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 16.64 16.24 11.05 20.92 0.51 0.96 0.54 0 50.53 21.23 14.13 21.84 1.44 6.85 1.28
1 123.57 31.86 26.17 55.66 5.43 8.97 70.32 1 1601.89 148.39 139.55 312.02 46.97 41.43 302.67
6 211.39 31.93 43.23 52.65 8.32 13.10 60.62 6 1612.29 185.54 192.28 483.14 51.38 49.74 238.79
48 419.13 74.24 89.55 488.08 14.73 27.69 100.90 48 1814.81 247.45 296.70 441.18 52.65 345.70 167.69
Silver (ppt) Silver (ppt)
1A CS Metals SF Summary 1A CS Metals Unfiltered Summary
Copper (ppb) Copper (ppb)
Zinc (ppb) Zinc (ppb)
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Vessel 1A C Trials 1-7 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 3.85 0.11 0.13 0.14 0.00 0.00 0.00 0 6.90 0.13 0.11 0.14 0.00 0.00 0.00
1 12.79 32.33 32.52 50.13 8.01 25.35 22.53 1 22.21 55.73 128.18 78.83 11.72 98.22 49.64
6 21.22 39.00 44.11 67.03 12.41 32.18 27.13 6 36.92 62.99 77.21 105.39 16.98 104.60 53.45
48 29.79 59.41 88.62 98.36 42.41 48.42 40.81 48 54.43 80.65 142.65 141.05 66.92 186.09 80.54
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 70.76 9.93 21.03 8.98 13.76 3.77 4.38 0 143.85 5.38 9.82 7.31 3.52 2.12 12.38
1 107.65 1415.90 378.81 5680.59 189.85 506.02 351.75 1 114.15 1366.93 413.33 5491.11 287.01 3322.16 1615.56
6 193.49 1225.68 493.82 5947.62 340.98 741.86 589.49 6 222.55 1523.07 521.56 6013.91 497.95 3435.05 1600.59
48 688.68 1024.90 750.92 6000.77 326.60 324.59 352.37 48 764.62 1826.68 1456.75 6500.92 2631.86 6785.19 2070.70
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 16.64 16.24 11.05 20.92 0.51 0.96 0.54 0 50.53 21.23 14.13 21.84 1.44 6.85 1.28
1 87.02 36.28 47.24 84.23 1.51 33.83 54.18 1 271.03 509.39 219.89 389.31 14.43 203.31 214.02
6 90.11 59.49 93.39 119.61 2.95 44.25 67.90 6 514.61 640.68 282.82 503.12 20.93 228.21 236.53
48 308.88 107.60 214.56 217.72 13.92 84.84 155.95 48 535.03 598.74 404.15 523.76 84.93 311.81 389.77
Silver (ppt) Silver (ppt)
1A C Metals SF Summary 1A C Metals Unfiltered Summary
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Zinc (ppb) Zinc (ppb)
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Vessel 2A C Trials 1-7 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 3.85 0.11 0.13 0.14 0.00 0.00 0.00 0 6.90 0.13 0.11 0.14 0.00 0.00 0.00
1 29.34 20.70 12.02 14.45 5.14 24.09 14.91 1 81.30 35.41 21.39 23.06 9.23 81.04 41.20
6 45.50 24.84 17.72 22.79 10.35 28.01 16.28 6 109.22 37.60 31.12 36.58 16.64 63.65 27.82
48 62.59 40.64 43.14 49.40 22.40 38.36 30.16 48 107.61 64.23 115.02 69.90 34.10 73.18 70.03
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 70.76 9.93 21.03 8.98 13.76 3.77 4.38 0 143.85 5.38 9.82 7.31 3.52 2.12 12.38
1 329.87 882.04 1641.15 2088.04 196.81 533.26 368.92 1 2241.35 1241.92 1753.49 2215.88 414.52 4677.91 2585.34
6 429.86 743.98 1441.56 1637.32 349.08 696.46 519.28 6 3150.36 1141.88 1819.78 2277.02 752.84 2897.42 1367.23
48 509.07 665.44 1223.48 1533.95 436.03 355.68 343.00 48 2445.68 1781.82 2584.19 2381.79 1638.84 2991.36 3423.40
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 16.64 16.24 11.05 20.92 0.51 0.96 0.54 0 50.53 21.23 14.13 21.84 1.44 6.85 1.28
1 122.33 50.76 30.68 57.23 1.45 76.42 65.18 1 582.73 834.31 357.90 256.02 23.27 528.09 284.08
6 206.67 72.05 101.82 90.89 3.68 93.51 83.20 6 952.14 803.67 559.61 365.39 50.48 305.62 306.68
48 412.20 125.15 278.54 195.60 10.59 180.52 235.26 48 1040.77 719.96 618.08 573.13 106.91 368.50 635.75
Silver (ppt) Silver (ppt)
2A C Metals SF Summary 2A C Metals Unfiltered Summary
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Zinc (ppb) Zinc (ppb)
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Vessel 3A C Trials 1-7 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 3.85 0.11 0.13 0.14 0.00 0.00 0.00 0 6.90 0.13 0.11 0.14 0.00 0.00 0.00
1 16.78 12.79 9.05 57.77 6.52 9.61 13.64 1 37.06 23.75 15.29 77.20 11.51 22.72 37.82
6 24.58 16.59 45.18 90.10 9.93 15.14 15.61 6 50.13 30.65 71.63 120.05 14.13 44.30 39.29
48 43.95 31.23 85.33 120.49 13.37 20.53 25.91 48 128.93 42.92 124.06 158.25 19.97 34.00 64.10
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 70.76 9.93 21.03 8.98 13.76 3.77 4.38 0 143.85 5.38 9.82 7.31 3.52 2.12 12.38
1 323.85 320.42 476.11 1864.33 362.56 412.61 510.10 1 1431.89 383.84 493.31 1984.73 747.98 2347.52 4937.49
6 442.94 381.67 612.03 1395.52 539.66 703.58 636.13 6 1903.64 391.66 648.74 1981.70 904.97 4409.04 4642.79
48 509.12 945.06 757.60 1212.00 412.74 354.28 258.50 48 3853.80 1096.33 1463.24 2878.90 1583.43 2759.20 4807.11
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 16.64 16.24 11.05 20.92 0.51 0.96 0.54 0 50.53 21.23 14.13 21.84 1.44 6.85 1.28
1 81.98 30.35 46.31 57.85 0.99 23.04 54.69 1 366.36 389.06 156.80 223.47 20.58 144.24 313.26
6 124.25 67.97 117.99 102.34 2.58 35.96 72.78 6 401.88 451.83 375.58 353.87 36.83 214.39 300.98
48 228.09 131.28 262.90 189.64 3.61 59.61 184.05 48 590.20 530.84 478.44 523.40 35.15 175.41 499.29
Silver (ppt) Silver (ppt)
3A C Metals SF Summary 3A C Metals Unfiltered Summary
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Vessel Brass C Trials 1-7 
 
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 3.85 0.11 0.13 0.14 0.00 0.00 0.00 0 6.90 0.13 0.11 0.14 0.00 0.00 0.00
1 3.74 10.10 2.88 3.51 8.35 6.42 2.83 1 32.07 14.84 4.91 5.77 13.41 12.18 4.93
6 4.66 16.23 4.47 5.21 12.49 11.98 3.68 6 12.02 24.98 6.79 9.86 19.12 25.12 6.79
48 8.29 25.90 7.25 9.01 24.50 23.90 6.86 48 33.06 30.08 16.01 14.50 31.26 47.62 13.59
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 70.76 9.93 21.03 8.98 13.76 3.77 4.38 0 143.85 5.38 9.82 7.31 3.52 2.12 12.38
1 219.64 1144.56 987.58 1346.05 117.00 155.95 39.69 1 250.67 974.35 968.63 1346.52 183.26 434.46 218.59
6 273.54 1407.15 1134.93 1661.66 148.71 368.19 135.36 6 279.99 1389.29 1138.46 1687.40 206.12 940.39 293.13
48 405.56 1593.85 1452.62 1933.97 263.80 509.36 186.15 48 433.02 1512.15 1456.29 1993.22 338.79 1321.90 320.35
13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb 13-Jan 20-Jan 27-Jan 3-Feb 10-Feb 17-Feb 24-Feb
Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Time Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7
0 16.64 16.24 11.05 20.92 0.51 0.96 0.54 0 50.53 21.23 14.13 21.84 1.44 6.85 1.28
1 17.84 15.32 14.50 26.63 0.03 3.85 2.27 1 27.70 329.21 60.86 73.14 0.73 26.12 13.02
6 20.87 15.38 15.41 24.39 0.00 6.23 2.56 6 22.31 378.13 54.45 85.18 1.79 29.74 11.88
48 27.31 34.85 24.62 36.11 0.44 10.00 4.11 48 24.65 87.48 67.13 134.31 1.63 30.71 11.61
Silver (ppt) Silver (ppt)
Brass C Metals SF Summary Brass C Metals Unfiltered Summary
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Summary of pH results organized by vessel 
 
Pouch Trial pH at t=0 pH at t=48 pH Change
1 7.4 7.4 0
2 7.39 7.39 0
3 7.41 7.4 -0.01
4 7.39 7.4 0.01
5 7.37 7.37 0
6 7.38 7.39 0.01
7 7.36 7.38 0.02
1 7.36 7.42 0.06
2 7.37 7.44 0.07
3 7.42 7.46 0.04
4 7.38 7.45 0.07
5 7.41 7.48 0.07
6 7.37 7.43 0.06
7 7.42 7.49 0.07
1 7.41 7.46 0.05
2 7.38 7.44 0.06
3 7.36 7.43 0.07
4 7.36 7.43 0.07
5 7.42 7.44 0.02
6 7.45 7.53 0.08
7 7.38 7.47 0.09
1 7.39 7.45 0.06
2 7.36 7.45 0.09
3 7.36 7.43 0.07
4 7.35 7.43 0.08
5 7.37 7.44 0.07
6 7.37 7.47 0.1
7 7.38 7.48 0.1
1 7.37 7.44 0.07
2 7.37 7.43 0.06
3 7.37 7.44 0.07
4 7.37 7.43 0.06
5 7.41 7.44 0.03
6 7.39 7.48 0.09
7 7.38 7.47 0.09
1 7.4 7.44 0.04
2 7.4 7.47 0.07
3 7.36 7.42 0.06
4 7.35 7.41 0.06
5 7.42 7.43 0.01
6 7.4 7.48 0.08
7 7.43 7.5 0.07
1 7.39 7.41 0.02
2 7.38 7.4 0.02
3 7.36 7.4 0.04
4 7.36 7.39 0.03
5 7.4 7.41 0.01
6 7.38 7.41 0.03
7 7.42 7.45 0.03
Brass C
Control
1A DI
1A CS
1A C
2A C
3A C
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Sterile filtered Ct values versus Log10(Nt/Nc) values after t=48 hours organized by vessel 
 
Pouch Trial Ct Copper (mg*h/L) Ct Zinc (mg*h/L) Ct Silver (mg*h/L) E.coli Log(Nt/Nc) MS2 Log(Nt/Nc)
1 1.3788 18.6999 0.0225 -2.65 -2.45
2 1.4587 20.4333 0.0055 -2.57 -3.03
3 1.0053 21.1096 0.0140 -2.16 -2.90
4 1.2360 23.9640 0.0138 -2.09 -3.22
5 0.5091 15.0803 0.0009 -1.58 -2.11
6 0.9599 24.9601 0.0029 -2.22 -2.63
7 1.0360 23.1033 0.0048 -2.00 -2.63
1 1.2190 13.9583 0.0141 -2.49 -2.42
2 1.8537 54.0109 0.0024 -2.80 -3.90
3 1.1029 65.3523 0.0030 -2.10 -2.76
4 1.0055 74.4747 0.0117 -2.13 -2.45
5 0.5713 24.5341 0.0005 -1.60 -2.25
6 0.2994 12.1260 0.0009 -0.25 -0.26
7 0.9396 27.0089 0.0038 -1.76 -2.44
1 1.1647 19.3675 0.0089 -2.17 -3.18
2 2.2610 54.5790 0.0038 -2.36 -4.31
3 2.9953 28.5212 0.0068 -3.00 -4.56
4 3.7913 0.0076 -2.95 -4.25
5 1.2061 15.4482 0.0004 -2.33 -2.48
6 1.8490 25.7702 0.0029 -2.74 -2.69
7 1.5622 22.3102 0.0050 -2.21 -2.87
1 2.4736 21.8173 0.0139 -2.75 -4.65
2 1.4994 34.1088 0.0045 -2.47 -3.33
3 1.3584 64.5038 0.0083 -2.07 -2.82
4 1.6163 76.9585 0.0064 -2.06 -3.55
5 0.7289 17.9575 0.0003 -1.40 -1.81
6 1.5361 25.4376 0.0062 -2.42 -2.59
7 1.0607 20.5150 0.0071 -2.01 -2.14
1 1.5528 22.1076 0.0080 -2.60 -3.27
2 1.0842 29.7816 0.0045 -1.80 -3.00
3 2.8809 31.7312 0.0084 -2.49 -4.43
4 4.8212 63.8443 0.0066 -2.81 -4.32
5 0.5339 22.4442 0.0001 -1.44 -2.34
6 0.8157 25.2137 0.0022 -1.91 -2.22
7 0.9520 21.9103 0.0057 -1.87 -2.21
1 0.2968 15.6392 0.0011 -0.20 0.02
2 0.9556 69.9776 0.0011 -1.64 -2.39
3 0.2661 60.1491 0.0009 0.71 -0.19
4 0.3222 83.7052 0.0014 0.70 -0.06
5 0.8329 9.3924 0.0000 -2.18 -2.59
6 0.8027 19.8187 0.0004 -1.67 -2.39
7 0.2389 7.2113 0.0002 -0.73 0.05
1A DI
1A CS
1A C
2A C
3A C
Brass C
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Unfiltered Ct values after t=48 hours organized by vessel
 
Pouch Trial Ct Copper (mg*h/L) Ct Zinc (mg*h/L) Ct Silver (mg*h/L)
1 2.7437 23.7133 0.0643
2 3.1852 59.2894 0.0215
3 1.8188 45.8613 0.0583
4 1.6694 40.4259 0.0562
5 0.8901 32.5292 0.0060
6 2.2371 115.1395 0.0151
7 2.1769 126.1398 0.0227
1 1.4025 13.3054 0.0808
2 2.2138 68.5273 0.0100
3 1.4119 71.4499 0.0112
4 1.4281 78.8290 0.0216
5 0.8006 28.7652 0.0025
6 0.4182 15.9240 0.0086
7 1.2899 37.4830 0.0100
1 2.0806 21.7013 0.0242
2 3.3413 78.2558 0.0292
3 5.1946 44.0932 0.0158
4 5.6752 0.0240
5 1.8394 67.8337 0.0023
6 6.6608 233.1802 0.0125
7 3.0962 85.9514 0.0144
1 5.0738 132.1887 0.0460
2 2.3387 67.9809 0.0365
3 3.2110 102.2982 0.0272
4 2.3968 110.1789 0.0214
5 1.1348 53.3526 0.0035
6 3.2757 144.9428 0.0165
7 2.2481 111.7836 0.0214
1 4.0004 130.0329 0.0230
2 1.6929 33.3812 0.0229
3 4.3345 47.4583 0.0194
4 6.3762 112.9848 0.0200
5 0.7859 56.7645 0.0017
6 1.8231 168.5991 0.0092
7 2.3829 224.8736 0.0185
1 1.0764 16.4972 0.0012
2 1.2634 67.3290 0.0117
3 0.5107 60.2467 0.0029
4 0.5536 85.5548 0.0051
5 1.1459 12.5100 0.0001
6 1.6270 51.1635 0.0014
7 0.4596 14.2777 0.0006
Brass C
1A DI
1A CS
1A C
2A C
3A C
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T=48 metal concentrations of unfiltered samples as estimates of total metals 
concentrations. 
 
Pouch Trial Copper (mg/L) Zinc(mg/L) Silver(mg/L)
1 0.05583 0.78886 0.00166
2 0.10135 1.63958 0.00049
3 0.05194 1.34724 0.00108
4 0.03862 0.97262 0.00103
5 0.02549 0.85986 0.00018
6 0.06768 3.49744 0.00032
7 0.05162 2.87433 0.00034
1 0.03563 0.41122 0.00181
2 0.06173 1.62988 0.00025
3 0.03898 1.66108 0.00030
4 0.03872 1.78018 0.00044
5 0.01979 0.71841 0.00005
6 0.01132 0.47260 0.00035
7 0.02801 0.77552 0.00017
1 0.05443 0.76462 0.00054
2 0.08065 1.82668 0.00060
3 0.14265 1.45675 0.00040
4 0.14105 6.50092 0.00052
5 0.06692 2.63186 0.00008
6 0.18609 6.78519 0.00031
7 0.08054 2.07070 0.00039
1 0.10761 2.44568 0.00104
2 0.06423 1.78182 0.00072
3 0.11502 2.58419 0.00062
4 0.06990 2.38179 0.00057
5 0.03410 1.63884 0.00011
6 0.07318 2.99136 0.00037
7 0.07003 3.42340 0.00064
1 0.12893 3.85380 0.00059
2 0.04292 1.09633 0.00053
3 0.12406 1.46324 0.00048
4 0.15825 2.87890 0.00052
5 0.01997 1.58343 0.00004
6 0.03400 2.75920 0.00018
7 0.06410 4.80711 0.00050
1 0.03306 0.43302 0.00002
2 0.03008 1.51215 0.00009
3 0.01601 1.45629 0.00007
4 0.01450 1.99322 0.00013
5 0.03126 0.33879 0.00000
6 0.04762 1.32190 0.00003
7 0.01359 0.32035 0.00001
Brass C
1A DI
1A CS
1A C
2A C
3A C
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Concentration-time conversions and microbial survival results from previous studies 
 
 
 
 
 
 
 
 
 
 
 
 
Study
Metals 
present
Avg mg/L
Contact time 
(hours)
Calculated 
Ct (mg*h/L)
E.coli Log10 disinfection MS2 Log10 disinfection
Armstrong 2011 Copper ions 0.21 6 1.26 -2.4 -1.8
Copper ions 0.168 6 1.008
Zinc ions 0.442 6 2.652
Copper 
nanoparticles
0.10315 6 0.6189
Zinc 
nanoparticles
0.1525 6 0.915
Copper 
nanoparticles
0.8545 6 5.127
Zinc 
nanoparticles
1.64 6 9.84
Copper pot 0.427 16 6.832 >2.9
Copper coil 0.417 16 6.672 >2.9
N/A
0.781.87
0.8 0
Komandur 2013
Sudha et al
-2.5 -2Malone 2012
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